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1. INTRODUCTION 
Portable electric power has become a necessary aspect of many people's lives 
today for communication devices such as cellular phones and pagers, entertainment 
equipment like personal video cameras, and power tools. All of these devices are small 
and only require a small number of cells for operation. However, with the desire for a 
cleaner, zero emission automobile, manufacturers are interested in producing vehicles that 
use electric engines powered solely or partially by rechargeable battery packs [24]. The 
number and size of the batteries is greatly increased for such an application and, 
consequently, improvement of electrochemical energy storage technologies is needed to 
reduce the space, weight, and cost requirements, while still maintaining or improving 
battery performance. 
There are four basic types of rechargeable systems in use today: lead-acid, nickel-
cadmium, nickel-metal hydride, and lithium-ion. Each has advantages and disadvantages 
which will determine its best application. Table 1.1 displays a comparison of the four 
types of secondary batteries currently available. Lead-acid has been around for a long 
time, so its capabilities are well known and it has a large share of the market. An 
advantage of the lead-acid battery is its ability for high-rate charge and discharge [8]. 
However, when :compared to the other three systems its energy density is not as high and it 
has disposal issues concerning the use of the lead-based electrode since it is a toxic 
material. Also, the use of sulfuric acid, a corrosive, as the electrolyte poses a safety 
concern. 
Nickel-cadmium is an appealing rechargeable battery system because of its rapid 
charge and discharge characteristics, similar capacity to lead-acid, and more compact size. 
Its use is popular in applications such as power tools where high currents are needed, but 
can be quickly recharged for a large number of times [26]. However, it has its 
deficiencies. Memory is one of its greatest drawbacks; if the battery is not completely 
discharged prior to recharging, the battery "remembers" the previous limit of the past 
discharge and normally will not discharge beyond that level during subsequent discharges. 
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Table 1.1. Summary of secondary battery chemistries based on construction, voltage, and 
energy density. 
Battery Open Cell Energy 
Trf!e Anode Cathode Voltage;V Densi~, Whig Comments 
Pb-acida PbO2 Pb 2.0 30 Pb toxicity 
Ni-Cda Cd(OH)2 Ni(OH)2 1.3 30 Cd toxicity, 
"memory" 
Ni-MHa MH(AB5, Ni(OH)2 1.3 55-75 lower cyclic 
AB2) life-time 
L". b Graphite LixCOOz 3.6 85 higher cost, fire 1-lOn 
hazards 
a data from reference [8] 
b data from reference [24] 
Also, Ni-Cd batteries have a tendency to spontaneously discharge during storage [26]. 
These two factors limit a Ni-Cd's ability to perform reliably in portable electronic devices 
such as cell phones, laptop computers, and automobiles where partial discharges are 
normal. A third detraction from Ni-Cd is that cadmium is a toxic metal, so extra care is 
needed to dispose and manufacture these batteries. 
Nickel-metal hydride batteries were developed to improve on the shortcomings of 
Ni-Cd, and have been widely accepted in doing so. They are very similar in construction; 
both use a Ni(OH)2 electrode, however instead of a Cd electrode, a hydride forming metal 
is used. This.change eliminates the memory effect and the toxicity of the battery, while 
also increasing the capacity for energy storage [26], as shown in Table 1.1. A typical 
composition of the metal hydride electrode is MmNi3_55Co0_75Mn0.4Al03• This 
composition is generally processed by traditional casting and grinding techniques to obtain 
a powder [3]. Work is being conducted to develop a better alloy composition and 
processing technique to improve the properties of this electrode by using different alloying 
elements and rapid solidification processes [3,4,52]. 
Lithium-ion batteries are the fourth type of rechargeable batteries in common use 
today. They are composed of lithium intercalated graphite anode, LixCoO2 cathode, and a 
lithium salt electrolyte solution [24,26]. The use oflower density materials is the main 
contributor to the higher energy density by mass of this chemistry over the others 
described. Also, Li-ion batteries operate at 2-3 times the voltage of Ni-Cd and Ni/MH 
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batteries. These are very high-performance batteries which have been embraced by the 
laptop computer industry because of their higher energy density and lighter weight. 
However, due to problems associated with overcharging of the battery, safety issues must 
be considered when designing and packaging the batteries [24]. 
For large scale automotive applications the most promising battery technology is 
the Ni/MH system due to its high capacity, thermal stability, lower cost, and potential for 
high volume production [24]. However, there are concerns about cyclic stability, i.e., the 
number of charges for which a certain level of discharge capacity is achieved. The 
degradation of the metal hydride electrode (the anode) is primarily responsible for the 
cyclic reduction in capacity [10]. 
1.1 Purpose of Study 
The problems associated with the metal hydride electrode are materials selection 
and processing i~sues. There are two main classes of the hydrogen storage alloys used as 
the electrodes: AB5's based on LaNi5, and AB/s based on the Laves phase alloys of 
TiNi2• For this study it was decided, based on previous research [41,51], that the 
LaNi4.75Sn0.25 alloy would be used. Using this alloy, the goal was to investigate what the 
degradation mechanisms, and how the performance of the material can be improved using 
different processing methods. 
By understanding the degradation mechanisms responsible for the reduction in 
capacity during cycling, optimal materials and processing methods can be used to develop 
a superior product. This will be done by comparing the conventional processing method of 
casting and crushing to the gas atomization processing method for the powder production. 
Also, a passivation technique was developed to produce an insoluble lanthanum fluoride 
coating on the powders to protect the alloy from oxidation and corrosion during 
electrochemical cycling. 
1.2 Objectives 
Determining what the main factors are that contribute to the degradation of an AB5 
metal hydride electrode is one of the objectives of this study. This is important to 
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understand how the electrodes fail and then to be able to establish methods which will 
counteract the degradation. Mechanisms of degradation have been the topic of several 
researchers who have looked at decrepitation [57], disproportionation [17,29,48], and 
oxidation and corrosion [1,10,38] as likely modes of degradation. However, none used gas 
atomized powder as the starting material, instead studying cast and crushed particulate. It 
is of interest to see if the same degradation mechanisms are present using gas atomized 
powders, with a uniform spherical shape and generally lower surface area than the angular, 
fractured particulate. 
Another objective is to demonstrate that gas atomization positively influences the 
processing of the powders and electrochemical performance of the alloy. Previous 
research by Ting [ 51] showed that gas atomization can produce a large fraction of fine 
powder ( <25 µm) with an AB5 composition. His research also revealed that the segregation 
developed from ~olidification was very fine and could easily be eliminated by heat treating 
for a short time to obtain the stoichiometric composition. Therefore, if gas atomization 
can improve the processing of the material, how does it affect the electrochemical 
performance? 
A third objective of this study was to investigate the effectiveness of a surface 
fluorination processing step. A gas-solid reaction between the LaNi4_75Sn0_25 gas atomized 
powder and NF3 is the proposed method for conducting the fluorination to form LaF3 at the 
powder surfaces. This is similar to an aqueous based reaction technique developed by 
Suda and co-workers [31-34,47,50,55,56,59]. Such a surface layer is believed to prevent · 
oxidation and corrosion from occurring, but still allows hydrogen to be absorbed and 
desorbed. 
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2. LITERATURE REVIEW 
2.1 History of NiMH Battery Development 
In the late 1960' s it was discovered by researchers at the Philips Research 
Laboratory that LaNi5 was able to reversibly absorb and desorb gaseous hydrogen into its 
interstitial voids at room temperature [58]. Further research by Willems in the 1970's 
revealed that the hydrogen could also be absorbed through electrochemical reactions, 
thereby extending its use as an electrode material in a rechargeable battery [57,58]. Other 
intermetallic compounds, such as TiNi2 and Ti2Ni were also observed to possess the ability 
to absorb hydrogen in quantities similar to LaNi5 [45]. As denoted before, these hydrogen 
absorption alloys have been classified by their stoichiometric ratio: AB5 for LaNi5, AB2 
for TiNi2, and A2B for Ti2Ni. 
These alloys are used as the negative electrode, or the anode, of the nickel-metal 
hydride battery cell with a cathode composed of Ni(OH)2• Figure 2.1 shows a schematic 
of the electrochemical setup and the reactions which occur during charging and 
discharging. The reactions which occur at the cathode (positive electrode) are shown in 
Equation 2.1 [ 45]. 
(Eq. 2.1) 
The forward reaction is the charging process where a hydrogen atom is extracted from 
nickel hydroxide to react with the hydroxide ion to form nickel oxy-hydroxide, water, and 
an electron. The reverse reaction occurs during discharge of the cell. 
The anode uses the metal hydride material to perform the complementary reactions 
to those shown in Equation 2.1. The charge and discharge reactions for the anode are 
shown in Equation 2.2 [45]. In this reaction Mis the hydrogen absorption material, 
generally an intermetallic phase. During charging (the forward reaction), the intermetallic 
compound receives an electron from the charging unit and the electron reacts with a water 
molecule to form a hydrogen 
M + H2 0+ e· <=> MH + OH- (E 0 = -0.828 v) (Eq. 2.2) 
M 
J\1H 
Negative 
Electrode 
6 
Load 
Charger 
Electrolyte 
NiOOH 
Positive 
Electrode 
Figure 2.1. Schematic diagram of a Ni-MH battery showing the electrochemical reactions 
occurring during charging ( dashed arrows) and discharging ( solid arrows) [ 44]. 
atom and a hydroxide ion. The hydrogen atom is absorbed by the intermetallic material to 
form the metal hydride. When discharging, the reverse reaction occurs and for every 
hydrogen atom desorbed from the intermetallic material, an electron is provided to the 
external circuit. When the two equations are combined the full cell reaction is as shown in 
Equation 2.3 [44]. The nominal voltage produced from such a setup is about 1.3V and 
nickel-metal hydride batteries have a measured energy density of 55-75 Wh/kg [24], 
depending upon the metal hydride material used. 
Ni(OH) 2 + M ¢=? NiOOH + MH (E 0 = 1.318V) (Eq. 2.3) 
For a metal hydride alloy to perform well as an anode in a nickel-metal hydride 
battery, there are six criteria which must be addressed. They are: 
1. largereversible hydrogen storage capacity (~1 H/M) 
2. full capacity hydrogen absorption/desorption between -25°C and 50°C at sub-
ambient pressure 
3. large initial surface area 
4. fracture resistance during battery cycling 
5. chemical stability in basic solutions 
6. powder fabrication method suitable to high volume production 
Large hydrogen storage capacity is desired because the amount of hydrogen which can be 
absorbed, then desorbed, corresponds to the capacity at which an electrode can operate. 
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The higher the capacity, the more electrons produced during a discharge. It is also 
important that the cycling can occur over a range of atmospheric temperatures and at 
subambient pressures to reduce the occurrence of gas evolution within a sealed cell. 
The third criteria is to have powder with a large initial surface area. Having a large 
initial surface area will increase the charge and discharge reaction kinetics [61]. The 
powder surface and electrolyte charge transfer is the rate limiting reaction which occurs at 
the metal hydride electrode-electrolyte interface. Therefore, a large initial surface area can 
be beneficial. 
Criteria four and five in the list above are closely related. Fracturing of metal 
hydride particles is related to the volume expansion and contraction which occurs during 
hydriding and dehydriding of the alloy. If the stresses induced by the 15-25 vol.% change 
during hydrogen cycling are large, then fracturing is a common result because the 
intermetallic ma.terial is brittle [61]. These fractures expose fresh, new surfaces to the 
electrolyte, which can be considered a positive effect because of an increased surface area, 
thereby, increasing kinetics. However, these newly created surfaces are susceptible to 
oxidation and corrosion, which degrade the material and reduce the overall capacity. This 
is why it is desirable to have an alloy which is chemically stable when in contact with the 
basic electrolyte. When using rare-earth based alloys, this can be difficult due to the 
affinity that the rare-earth elements have for water. This is why many researchers have 
studied the application of chemically resistive coatings onto the powder surfaces 
[15,23,28,31-34,44,47,50,55,56,59]. This idea only works if the alloy has good fracture 
resistant properties, otherwise when a fracture occurs, the coating is ineffective at 
preventing degradation at the newly formed surfaces. 
The final criteria listed is to have a suitable high-volume powder production 
method to accommodate the desire for such materials in the future. If the automobile 
industry is interested in using Ni-MH battery technology, the need for the metal hydride 
particulate will increase dramatically. Therefore, an efficient, high-volume method must 
be used to manufacture the powders. The conventional method for producing these 
powders is by casting, annealing, and crushing the ingot. However, this can be a time and 
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energy intensive process. One alternative is to use gas atomization, which would eliminate 
the crushing steps and greatly reduce the time required for annealing [3,4,11,51,52]. 
2.2 Problems Associated with the Anode 
There are three mechanisms considered as the modes of degradation for metal 
hydride electrodes. Degradation is defined as the reduction in discharge capacity with 
relation to increasing cycle number. The greater the capacity loss per cycle, the more 
severe the degradation. Particle decrepitation,·corrosion/oxidation reactions associated 
with the electrolyte, and disproportionation of the alloy are the main contributors to 
degradation associated with metal hydride materials. 
Particle decrepitation, or severe cracking of the alloy particles, occurs because of 
an unfortunate combination of brittle mechanical properties inherent to the alloy and the 
stresses induced,by the hydrogen absorption and desorption reactions. The metal hydride 
alloy is generally an intermetallic material, and at the operating conditions of the battery, it 
is weak in tensile loading due to the rigid crystal structure. During hydrogen absorption, 
the addition of the hydrogen into the interstitial voids of the lattice causes a volumetric 
expansion of the alloy, usually 15-25 vol.% [45]. The stresses developed during such 
volume changes can cause cracks to form and new surfaces to be developed [45,57]. The 
new surfaces can begin oxidizing after contact with the electrolyte is made. The hydroxide 
or oxide formed during the oxidation of the fresh surfaces converts material, once able to 
reversibly store hydrogen, to a compound unable to absorb and desorb hydrogen. Thus, 
the overall capacity of the electrode is reduced. 
Reactions between the metal hydride electrodes and the 6M KOH solution have 
been discussed as the main mode of degradation for the LaNi5 system by several 
investigators [1,10,38,57]. Predominantly, lanthanum is the primary metallic element 
involved in the reaction since it is the least noble of the alloyed elements, as shown in 
Equation 2.4 [10]. 
(Eq. 2.4) 
This reaction occurs during the discharge of the electrode and is irreversible under normal 
battery cycling conditions, so it is important to suppress the progress of this reaction to 
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promote an extended number of cycles [10]. Particle cracking is the main cause of 
continued corrosion in the metal hydride electrodes for the reasons previously described 
[45,57]. However, an electrode's ability not to form a cohesive passivation layer can also 
be problematic [10]. If the La(OH)3 reaction layer produced is porous or cracks during 
hydriding, then the electrolyte still has a path to unreacted metal where oxidation and 
corrosion can continue. 
One way to reduce the corrosion/oxidation effect is to substitute for both the nickel 
and lanthanum in the alloy. For example, cerium has been shown to form a more cohesive 
surface oxide layer than lanthanum [1], as do some nickel substitutes [7,27,40,45,57,61]. 
As will be discussed in the next section, the substitution of other metallic elements for 
nickel also can make the alloy more mechanically robust; crack formation is reduced, 
limiting the surface area exposed to the electrolyte. 
Another type of degradation reaction which can occur is disproportionation. For 
LaNi5-based materials, the formation ofLaH2 and metallic nickel are the products of the 
reaction shown in Equation 2.5 [22]. The lanthanum hydride phase formation reaction is 
not reversible like the formation of the LaNi5Hx phase, so capacity is reduced. 
(Eq. 2.5) 
The rate at which this reaction occurs is based on the temperatures at which 
absorption and desorption occur, and the presence of certain alloy substitutions. The 
desorption temperature is more crucial in controlling the rate of the disproportionation 
reaction; the higher the temperature, the greater the reaction rate. One study showed [ 17] 
that for gaseous hydrogen cycling ofLaNi5 when the desorption temperature was 300°C, 
half of the reversible hydrogen storage capacity was lost after 750 cycles. When the 
desorption temperature was reduced to 150°C, the cycle life was estimated to have 
increased an order of magnitude to 7500 cycles, and if the temperature was further reduced 
to 25°C, the projected life would be extended to 400,000 cycles. This relationship exists 
because disproportionation is dependent upon the rearrangement of atoms within the 
crystal lattice and the rat.e at which atoms diffuse through a solid is exponentially 
temperature dependent [29]. 
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The substitution of larger aluminum and tin atoms at nickel sites has been shown to 
reduce the effect of the disproportionation in LaNi5 structures [12,22]. These elements 
impede atomic diffusion of La and Ni and thus reduce the probability of the formation of 
segregated nickel and lanthanum hydride clusters. Since the battery electrode alloy used 
for this study is LaNi4.75Sn0_25 and a battery generally operates near room temperature at all 
times, the probability of disproportionation playing an important role in degradation is 
low. 
2.3 LaNi5 Alloy Substitutions 
One method to improve the properties of the LaNi5 alloy is by partially substituting 
other elements onto the lanthanum and nickel sites of the intermetallic compound. Figure 
2.2 shows the hexagonal crystal structure as a hard sphere model with its lattice parameters 
labeled for LaNi5• The atomic locations are described by the P6/mmm, CaCu5 space 
group. Lanthanum atoms reside on the comers of the unit cell, and there are two nickel 
sites in the (001) plane and three nickel sites in the (002) plane [14]. Figure 2.3 shows a c-
axis projection of the hexagonal structure in Figure 2.2, and the tetrahedral and octahedral 
sites for a hydrogen atom to be located once the alloy becomes hydrided. Generally, all of 
the octahedral sites are occupied and about half of the tetrahedral sites fill when 
completely hydrided [45]. 
Elements can be substituted into the structure for lanthanum and nickel. 
Lanthanum substitutions occur at the La(la) sites. Nickel substitutions generally occur at 
the Nin (3g) sites, those which reside in the (002) plane. Such substitutions will have an 
effect on the lattice parameters and properties of the material. 
2.3.1 A-site 
Lanthanum substitutions generally use zirconium, other rare earth elements (Ce, 
Nd, etc.), calcium, yttrium, or misch-metal (Mm) [45,61]. These alloy substitutions can 
aid in the oxidation resistance of the alloy, but cause a decrease in the overall hydrogen 
storage capacity and an increase in the hydrogen pressure plateau. Misch-metal is the 
dominant lanthanum substitute because of its drastically lower cost ($400/kg for 99 .9% 
(002)-
(001)-
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5.017A __J 
(5.057 A) --1 
3.986A 
(4 .030A) 
0 Ni1 (2c) - Niu (3g) 0 La (la) 
Figure 2.2. The hexagonal crystal structure of LaNi5, space group P6/mmm is shown with 
lattice parameters labeled. The top numbers are associated with LaNi5, while the numbers 
in parentheses denote the lattice parameters for LaNi4_75Sn0_25 [14,45]. 
OLa(OO) 
0 Nil (00) 
Nill (50) 
€) HTI (50) 
0 HOI (00) 
Figure 2.3. Ac-axis projection of the crystal structure shown in Figure 2.2. The numbers 
in parentheses denote the percent vertical displacement of the atom within the unit cell. 
(00) stands for atoms which lie in the basal plane, and (50) represents atoms which reside 
in the (002) plane. Also, the possible locations of hydrogen atoms when the alloy is 
hydrided are identified as HT, and H01 . These represent hydrogen atoms in tetrahedral and 
octahedral sites, respectively [ 14,45]. 
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purity La, $125/kg for 99.6% purity Mm). Misch-metal is a mixture ofrare earth elements 
in a similar ratio to the natural ore mined from the earth. A typical composition (in weight 
percent) of misch-metal is 50-55% Ce, 18-28% La, 12-18% Nd, 4-6% Pr, and the rest as 
small amounts of other rare-earths [ 43]. Due to the large concentration of non-La rare-
earth elements, the hydrogen storage capacity is reduced [30], about two-thirds that of high 
purity lanthanum. To compromise between low cost and high performance, a lanthanum-
rich misch-metal (Lm) can be used as a possible substitute. 
2.3.2 B-site 
Another method of improving the properties of the LaNi5 compound is to substitute 
at the nickel sites. The 3g nickel atoms are the primary atoms substituted for in the 
P6/mmm structure. Several elements have been investigated such as transition elements 
(Co, Mn, Cr), Group 4A elements (Si, Ge, Sn) and Group 3A elements (Al, Ga, In). In 
general, as the concentration of these elements increases, the maximum hydrogen storage 
capacity decreases, the hydrogen absorption pressure decreases, and cycling stability 
improves [48,57]. 
One main fimction these alloy additions provide is reduced stress from hydriding 
and dehydriding. This stress reduction lowers the decrepitation rate of the LaNi5-based 
alloys by making the alloys less brittle, which then increases the cyclic lifetime of the 
electrode. Sakai et al. [ 45] discovered that there was a relation between the Vickers 
hardness and the decrepitation rate. As the hardness decreased, so did the decrepitation 
rate. The Vickers hardness of a LaNi5_xMx alloy was mainly controlled by the B-site 
substitutional element, M. The alloy is hardest when no substitution for nickel is made, 
but the hardness of the alloy varies with the substitutional element such that Mn > Cu > Cr 
>Al> Co [45]. Therefore, cobalt and aluminum are more successful at reducing the 
decrepitation rate than manganese and copper. 
Currently, the most common AB5 alloy used in batteries has cobalt, manganese, 
and aluminum as nickel substitutional elements. Cobalt is very effective at reducing the 
volume expansion associated with the hydrogen absorption, especially along the c-axis 
[ 57]. It is desirable to reduce the expansion along the c-axis because the material is more 
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prone to fracturing parallel to the basal plane. However, a large amount of cobalt is 
needed to have any noticeable effect of the properties; upwards of 50% of the nickel sites 
must be substituted for with cobalt. Unfortunately, the use of cobalt increases the cost 
since it is more expensive than nickel and many other substitutional elements. 
Aluminum is another common element substituted for nickel. It also reduces the 
volume expansion during hydriding, but does so more in the a-axis and less in the c-axis 
than cobalt. Due to its larger atomic radius (rA1 = 1.35A) than nickel (rNi = 1.25A) and 
cobalt (rc0 = 1.25A), it requires a lower concentration to achieve similar volume expansion 
effects when cobalt is used. Added benefits that aluminum brings are its passivation 
characteristics which could relieve some of the corrosion problems associated with these 
alloys [7] and the effect it has on reducing the disproportionation reactions. 
The third nickel substitute of the commercial alloy system is manganese. This 
element is added for microstructural control by facilitating a more equiaxed grain structure 
during casting [ 45]. This promotes a reduced microstructural segregation to eliminate the 
need, or reduce the time required, for an annealing process. However, the manganese 
addition also induces more lattice strain and a higher decrepitation rate, which is harmful 
to cycle lifetime [45]. 
2.3.2.1 Tin substitutions 
I 
Tin is another substitution element which has received extensive study through the 
1990's. However, the hydrogen absorption properties of tin-substituted LaNi5 was first 
investigated by Mendelsohn, Gruen, and Dwight [36] in 1978 and 1979, but little interest 
was gained. Then, with an interest in using metal hydrides for sorption cryocoolers in 
space vehicles, a metal hydride alloy was needed that had high capacity, sub-ambient 
pressure plateau, and limited disproportionation during thermal cycling [12]. The use of 
tin as a nickel substitution element had these properties. As the concentration of tin 
increases from x = 0 to 0.5 in LaNi5_xSnx, the capacity decreases from 6 to 5.3 H atoms per 
AB5 unit, and the equilibrium plateau pressure decreases from 2 to 0.06 atmospheres [ 40]. 
Such properties are excellent when compared to other alloying elements. Lambert et al. 
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[29] demonstrated tha~the addition ofx = 0.2 of tin greatly improved the stability of the 
metal hydride during thermal cycling, reducing the rate of the disproportionation reaction. 
Since tin was so successful in improving gas phase performance, research was 
conducted to investigate its effect during electrochemical hydrogen storage [ 40]. 
Electrochemical cycling and impedance spectroscopy studies of various tin concentrations 
were conducted and it was concluded that a tin content ofx = 0.25 was optimal for Ni-MH 
battery electrodes. Ratnakumar et al. [ 41] showed that there is little difference between 
this alloy and a commercially available misch-metal-based multicomponent alloy. 
2.4 Passivation Coatings 
As mentioned in Section 2.2, a possible mode of degradation is due to oxidation 
and corrosion of the surfaces of the metal hydride particles. The formation of oxides and 
hydroxides of the alloy constituents disrupts the lattice at the surface, reducing the overall 
hydrogen storage capacity of the material. If the particles can be protected from such 
reactions, the stability of the electrodes would be improved. Two aqueous coating 
methods have been developed and studied to do this: porous metallic and lanthanum 
fluoride. 
2.4.1 Porous Metallic 
This method is also termed microencapsulation and uses a chemical plating 
solution to apply the metallic species onto the surface of the powder particles suspended in 
the aqueous solution [15,44,46,54]. Generally, a layer of one to two micrometers of Cu 
[ 44,46] is applied onto each particle. The plating solution used for the copper-coating 
consisted of copper (II) tartarate (CuC4H40 6), formaldehyde, (CH20), and sodium 
hydroxide (NaOH) to achieve a Cu/alloy weight ratio of 1:4. Sakai et al. [44] showed that 
such a coating can greatly increase the stability of the anode. The reasoning for this was 
that the copper acted as an oxygen barrier for the LaNi4_7Al0_3 alloy used. However, the 
anode did eventually show degradation, concluding, the copper may have merely slowed 
the rate of the reaction, not preventing it. 
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The use of other metals besides copper have also been studied. Chen and Zhang 
[15] showed similar results using nickel. Palladium coated powders, studied by Visintin et 
al. [54], also reported improved performance. These other metals used similar application 
techniques. 
2.4.2 Lanthanum Fluoride 
Another aqueous method, known as "F-treatment," was developed by group led by 
S. Suda and has been applied to the LaNi5-based hydrogen absorption alloys to form LaF3 
at the powder surfaces [31-34,47,50,55,56,59]. The solution used for the formation of the 
fluoride is basically a potassium fluoride solution which reacts with the intermetallic 
material and the oxides and hydroxides previously present on the surface. The following 
reactions shown in Equations 2.6.through 2.8 [34] take place during the F-treatment to 
form LaF3• 
La20 3 + 6H+ + 6F- ¢::> 2La~ + 3H20 
La( OH) 3 + 3H+ + 3F- <;;:::> LaF3 + 3H2 0 
LaNi4.7Al03 + 0.6K+ + 4.5F- + 9.4H+ ¢::> 
La~ + 0.3K2 AIR, + 4.7 Ni 2+ + 4.7 H 2 t 
(Eq. 2.6) 
(Eq. 2.7) 
(Eq. 2.8) 
The pH of the solution was used to control the extent of the reaction. The resulting surface 
structure from these reactions is generally a 1-2µm LaF3 layer with a nickel-rich sublayer 
as shown in Figure 2.4 [34]. The fluoride layer is quite porous and replete with 
microcracks to allow small hydrogen atoms to penetrate through the layer, but preventing 
larger molecules of oxygen or water from reaching the powder bulk [34]. 
This sort of coating has demonstrated improvements in activation kinetics in gas-
phase absorption and in electrochemical studies. By discouraging the formation of 
La(OH)3 and La20 3, the stability of the electrodes was improved as shown in Figure 2.5 
[34]. 
2.5 Gas Atomization of Metal Hydride Materials 
Although gas atomization is not the standard method of producing powders for the 
metal hydride electrode, there are several attributes which make it an intriguing alternative. 
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Microcrack 
LaF3 top-layer 
Ni-rich sub-layer 
Figure 2.4. Cross-sectional representation of the surface obtained after "F-treatment" [34]. 
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Figure 2.5. Electrochemical cycling results for two misch-metal multicomponent alloys, 
one with the "F-treatment" and the other untreated [34]. 
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Conventional powder production involves casting an ingot of the alloy, then grinding and 
attriting it to the desired size fraction. The casting process is flawed, however. For large 
scale production, large ingots must be cast and the segregation which develops during 
solidification is quite extensive and of a large scale due to a high temperature solid 
solution regime in the La-Ni phase diagram (see Figure 2.6) [51]. The addition of 
substitutional elements can only intensify the segregation. Heat treatments at 900-1000°C 
under an inert atmosphere are required under best practice to homogenize the 
microstructure to the stoichiometric composition [ 40,41]. The larger the segregation scale, 
the longer the annealing time required to remove the phase segregation. Previous work 
demonstrated that gas atomization of the alloy reduced the annealing time required to 
homogenize the microstructure [3,4,51,52]. Since the solidification rate for gas 
atomization is orders of magnitude faster than it is for casting (103 -106°C/sec. vs. 
<102°C/sec., respectively), the segregation scale is significantly reduced in the gas 
atomized powders, thereby requiring less time for complete homogenization to occur. 
Another advantage of the gas atomization process is that very fine spherical 
powders with a d50 of 20µm or less are produced directly [5], depending upon the 
atomization parameters. This is beneficial for metal hydride battery electrodes because the 
potential for cracking is reduced. A spherical particle is a mechanically stable particulate 
shape, because the hoop stresses are lowest for a spherical geometry [ 51]. During 
dehydriding, the particle experiences a maximum tensile hoop stress at its surface. This 
stress is responsible for the crack initiation and propagation during cycling [51]. Ting 
determined that LaNi4_85Sn0.1 5 gas-atomized particles ofless than 25 µm in diameter were 
stable enough during hydrogen cycling to resist cracking [51]. Therefore, a large 
percentage of the atomization yield is usable as electrode material in Ni-MH batteries. 
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3. EXPERIMENTAL PROCESS 
3.1 Alloy Production 
Two methods were used to prepare the LaNi4.75Sn0.25 alloy: high pressure gas 
atomization and DC arc melt chill casting. A powder was the product of the gas 
atomization approach while a 50g button was produced by the arc melting method. 
Detailed descriptions of each process and the subsequent processing steps are discussed 
below. Figure 3.1 is a flowchart showing the steps involved in obtaining usable powder 
from both gas atomization and cast material. 
3.1.1 Gas Atomization 
A gas atomization system, shown in Figure 3.2, was used to produce the powders 
used for this project. Two separate batches oflanthanum-nickel-tin alloy powders were 
prepared to investigate their electrochemical properties. Table 3.1 shows the parameters 
for the two atomization experiments discussed. Both batches were prepared from the same 
starting materials: 99.0% purity lanthanum, 99.99% purity nickel, and 99.99% purity tin. 
Prior to atomization, the alloys were bottom pour chill cast at 1600°C (2912°F) into a 
copper mold in an argon atmosphere to create an ingot of the alloy. The casting was then 
loaded into the atomizer and heated under an argon atmosphere in an alumina crucible, 
obtained from Norton (type An299), to the atomization temperature of 1650°C (3000°F) 
and held there for 2-3 minutes. The melting temperature for these alloys is about 1350°C 
(2460°F), as shown in the phase diagram in Figure 2.7. 
At the atomization temperature, the stopper rod was lifted and the melt flowed 
through the pour tube to the atomization chamber. At the tip of the pour tube the melt was 
Table 3 .1. List of atomization batches which were used in this research. 
Atomization Atomization 
Batch Nominal Atomization Gas Pressure, Temperature, 
Designation Com~osition Gas MPa (~si) oc (OF) 
BT-3-196 LaNi4.75Sn0.25 Helium 5.52 (800) 1650 (3000) 
BT-3-216 LaNi4 :z:iSnQ Z:i Argon 7.58 (11002 1650 (3000) 
Atomization 
Fluorinate 
in Atomizer 
Chamber 
I 
Size 
Classify 
Anneal 
< 2hrs. 
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Alloying 
Elements 
Melt 
Size 
Classify 
Anneal 
<2 hrs. 
Cast 
Ingot 
Anneal 
~72 hrs. 
Crush to 
<20 mesh 
Hydrogen AID 
Pulverization 
Figure 3.1. Flowchart of the processing steps used to produce powder for a metal hydride 
electrode using gas atomization and conventional casting and grinding methods. This also 
includes points in the process where fluorination can be performed. The dashed lines 
indicate processing steps which were not conducted, but are possible methods to process a 
powder with a fluoride coating. 
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Figure 3.2. Schematic representation of a high pressure gas atomization system. The inset 
shows the close-coupled nozzle and pour tube configuration where atomization occurs. 
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met by 20 helium or argon discrete gas jets, dissociating the melt stream into fine molten 
spheres. These spheres then solidify, in flight, and travel to the collection can. 
The powders collected from the collection can were transferred to a helium 
atmosphere glove box where they were classified by sieving. An initial screening was 
performed using a 106µm (140 mesh) screen to remove all of the shards and ribbons which 
can develop during the atomization process. A sample of the <106µm diameter powder 
was removed and used to perform particle size analysis of the powders. Using an ASTM 
set of 106µm (140 mesh), 53µm (270 mesh), 45µm (325 mesh), 38µm (400 mesh) and 
25µm (500 mesh) screens, the powder was separated to develop a series of size fractions 
for samples. 
Due to a .slight microstructural segregation developed during solidification, the 
powders required a short heat treatment step to homogenize the microstructure [3,4,51,52]. 
For powders with a 25µm diameter or less, fifteen minutes at 900°C was sufficient, while 
75 minutes at 900°C was conducted for powders of diameters 53-106µm. To perform 
these heat treatments, each powder sample was loaded into a fused silica tube inside a 
glove box. The tube was sealed from the atmosphere with crimped rubber tubing attached 
at the open end of the tube. Shortly after being removed from the glove box, the fused 
silica tube with the powder and the rubber tubing were evacuated and backfilled twice with 
argon (99.998% purity) or helium (99.995% purity). A final pressure of 15-20 inches of 
mercury vacuum (250-380 torr) was present in the fused silica tube and the rubber hose 
was again crimped. Using a natural gas-oxygen flame, the fused silica tube was sealed. 
The annealing treatments were performed using preheated tube furnaces set at the 
annealing temperature. The fused silica tube, with the powder inside, was inserted into the 
furnace and remained there for the designated time length. To prevent extensive powder 
agglomeration, the powder was evenly distributed throughout the tube and the tube was 
rotated several times during the heat treatment. Upon completion of the heat treatment, the 
tube and powder within were quenched in ice water and returned to the glove box to be 
opened. 
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3.1.2 Casting and Grinding 
This method is based on the commercial technique [ 4] currently used for producing 
these types of alloys. A 50g button was arc melted with a composition ofLaNi4_75Sn0_25 
using the same starting components as was used for the atomization experiments. The 
alloy was heat treated under an inert atmosphere for 72 hours at 950°C to homogenize the 
microstructure. Powder was produced by first grinding the button into powder smaller 
than 20 mesh (850µm) openings. Next, a single gas-phase hydrogen charge and discharge 
cycle was performed to further break up the material to particles of 106µm and smaller. A 
portion of this sample was screened using a sieve with a 25µm (500 mesh) screen opening. 
3.2 Fluorination Processing 
The purpose of this processing step is to produce a lanthanum fluoride (LaF 3) layer 
on the surfaces qf the gas atomized powders by solid-gas reactions. This fluoride layer 
was intended to act as a corrosion and oxidation barrier to the reactive potassium 
hydroxide electrolyte used for nickel-metal hydride batteries. The formation of the LaF3 is 
produced from reactions between a fluoride species, nitrogen trifluoride (NF 3), and the 
lanthanum present in the alloy. 
3.2.1 Reaction Vessel and Components 
The reaction vessel used to perform the NFrLa reactions was constructed solely 
for this purpose. Figure 3 .3 shows a schematic diagram of the setup used. The reaction 
vessel is a fluidized bed residing within a resistance heated tube furnace. The fluidized 
bed is constructed of nickel-based alloys (600 and 400) and 316 stainless steel. These 
materials were chosen for their minimal reactivity with nitrogen trifluoride [5,6,63]. The 
reaction chamber consists of two parts: a containment vessel and the removable 
fluidization vessel, in which the powder is contained. The reaction vessel insert is shown 
in Figure 3.4 and consists of a body, a compressed nickel foam substrate, and a threaded 
bottom to secure the nickel foam in place. The powder is placed on top of the nickel foam 
substrate, which prevents the powder from falling to the bottom of the reaction chamber, 
but allows the gas to pass through and fluidize the powder. A nickel foam cap is placed 
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Figure 3.3. Schematic diagram of fluorination reaction vessel used. The letter 
designations are: (A) flow meters, (B) toggle valves to regulate flow into the meters, (C) 
containment vessel (lnconel 600), (D) removable insert (See Figure 3.4), (E) 304 stainless 
steel cap flange, (F) type K thermocouple (Inconel 600 sheathed), (G) Ca(OH)2 solution 
bath in a polyethylene bottle, and (H) exhaust port. 
1cm 
Figure 3 .4. Photographs of reaction vessel insert, part D in Figure 3 .3. In these images A 
identifies the nickel foam substrate, B is the insert wall, and C is the screw-in base used to 
secure the foam in the insert. Parts B and C are made of Monel 400 alloy. 
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loosely on top of the reaction vessel to limit the amount of powder blown through the rest 
of the system. 
The gas is flowed from the bottom of the containment vessel from the flow meters 
which regulate the flow of the nitrogen trifluoride (99.0%) and the dilutent gas, argon 
(99.998%). The flow meters are regulated for flows ofup to 1400 mL/min. of argon and 
80mL/min. of NF 3. The gases are mixed as they exit their respective flow meters and then 
proceed towards the reaction vessel. 
A water based scrubber is used at the exhaust end of the reaction vessel. The gas 
exits the top of the vessel and proceeds to the calcium hydroxide (Ca(OH)2) solution bath 
(IM concentration) where reaction by-products and impurities in the gas are dissolved or 
reacted to minimize the hazard of the exhaust. NF3 is not soluble in water, nor will react 
with Ca(OH)2 at;room temperature, so it is exhausted with the argon through the exhaust 
chimney. However, its environmental impact is not severe as long as a dilute 
concentration is maintained, as recommended by the gas supplier [63]. An Omega halogen 
leak detector was used to determine in real time whether any NF 3 was exhausting from the 
system and to sniff for leaks in the system. 
The furnace system was placed around the containment vessel so that the center of 
the furnace was at the same level as the fluidization regime. A programmable temperature 
controller was used to regulate the furnace temperature. This controller was regulated with 
a type K thermocouple placed between the furnace elements and the containment vessel. 
A second thermocouple, also type K, was placed inside the fluidization regime to measure 
the powder temperature as shown in Figure 3.3. A separate temperature display output this 
temperature. 
3.2.2 Fluorination Parameters 
There are several fluorination reaction parameters which were controllable by the 
operator, including the flow rates of the two gases, the temperature of the furnace, the 
amount of powder in the reaction chamber, and the method of introducing the reactive gas. 
The flow rate of argon needed to produce the desired level of fluidization was determined 
to be 500 rnL/min. for a sample size of 8-1 0g, although early trials varied from these 
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values. The flow rate ofNF3 was varied between 20 and 40 mL/min. The powder 
temperature needed to initiate the reaction was determined to be slightly below 210°C, so 
the base temperatures for the reactions were set between 211 °C and 250°C. Two methods 
were used to introduce the reactive gas into the reaction chamber. The first was to 
continuously flow at a low concentration. The more successful method was to 
intermittently introduce the reactive gas in 5-30 second pulses every five minutes. This 
allowed the highly exothermic reactions to occur, but still maintain control of the powder 
temperature. 
3.3 Analysis Techniques 
Many techniques were used to analyze the powders for composition, properties, 
and performance. Chemical analysis, x-ray diffraction (XRD), Auger electron 
spectroscopy (AES), and x-ray photoelectron spectroscopy (XPS) were used to determine 
the chemical and structural makeup of the bulk and at the surfaces of the powders. 
Scanning electron microscopy was used to image the morphology of the powder surfaces, 
and microstructures of powder and electrode cross-sections. Hydrogen absorption and 
electrochemical analyses were employed to investigate the performance characteristics of 
the material for hydrogen storage devices. 
3.3.1 Chemical Analysis 
Chemical analysis was primarily used to measure the fluorine content in the 
fluorinated powders. The detection of the fluorine required dissolving about 0.5 gram of 
the powder into nitric acid (HN03). The solution was then analyzed by a standard addition 
method using a fluoride ion selective electrode by the MPC analytical chemistry staff. 
This method was able to accurately detect the fluorine composition in the materials to 
about ±0.05 weight percent, on average. 
3.3.2 Hydrogen Absorption 
Measurement of the gas phase hydrogen absorption characteristics were conducted 
to evaluate the gas-phase hydrogen absorption properties of a sample. To perform such 
analysis a Seiverts-type apparatus [ 48] was employed. It utilizes the principles of the ideal 
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gas law to measure the amount of hydrogen absorbed by the powder sample and correlates 
it to the equilibrium pressure. The apparatus is depicted in Figure 3.5 and hydrogen 
absorption isotherms, like those shown in Figure 3.6, can be developed. It works when a 
sample of known mass, ms, is placed into the sample chamber which has a known volume, 
Vsc· Once the sample chamber is sufficiently evacuated, Valves #2 and #3 are closed and 
the reservoir chamber, also of a known volume, Vrc, is pressurized with hydrogen to a 
desired pressure, Pre- Valve #2 is opened, exposing hydrogen to the sample. The sample 
absorbs the hydrogen until a equilibrium pressure, Peq, is reached. Valve #2 is closed and 
the steps are repeated until the sample will not absorb any more hydrogen. 
Figure 3 .6 shows a pressure-composition isotherm of a hydrogen absorbing 
material. The hydrogen composition (H/ AB5) is stated as moles of atomic hydrogen 
absorbed, na(H), per mole of intermetallic material, ns, as shown in Equation 3 .1. This is 
equivalent to two times the moles of the molecular hydrogen absorbed, 2na(H2 J, per mole of 
the sample. 
(Eq. 3.1) 
The number of moles of the sample can be calculated by dividing the mass of the sample 
by its molar mass. The moles of gaseous hydrogen absorbed is calculated by determining 
the difference expressed in Equation 3.2, where n;(H2 J is the number of moles of gaseous 
hydrogen present before absorption, and nf(H2 J is the number of moles present after 
absorption. 
(Eq. 3.2) 
The values of ni(H2 J and nf(H2 J can be calculated using the ideal gas law, PV=nRT, as shown 
in Equations 3.3 and 3.4. In these equations pressure is measured in atmospheres, volume 
in liters, n in moles, temperature in degrees Kelvin, and the ideal gas constant, R, has a 
value of 0.08206 L-atm/mole-K. Vs is the volume occupied by the sample and is 
calculated by dividing the mass of the sample by its density. P~ is the equilibrium 
pressure of the previous data point present in the sample chamber after the valve is closed. 
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Figure 3.5. Schematic diagram of the Seiverts-type apparatus used for the gas-phase 
hydrogen absorption measurements. 
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Figure 3.6. A series of curves are shown as examples of pressure-composition isotherms 
for hydride formation. The a region represents solid solution absorption of hydrogen into 
the metal , the region represents the hydride phase and the plateau region is a region 
where both phases co-exist [35]. 
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peq (V,c + Vsc -V,) 
n -f(H2) - RT (Eq. 3.3) 
P,.cVrc + P~ (V.c - VJ 
n = i(H2) RT (Eq. 3.4) 
There are three distinct regions of the curve in Figure 3.6 representing the different 
phases of the metal hydride [48]. The a region represents the solid solution of hydrogen in 
the metal phase. The~ region represents the composition of hydrogen where the hydride 
composition is only present. Both the phases are present in the plateau region. The slope 
of the plateau is related to the homogeneity of the sample; the more horizontal the slope, 
the more compositionally uniform the microstructure. 
3.3.3 Electrochemical Analysis 
Analysis of a sample's performance as a battery electrode was conducted using 
electrochemical cycling. This method required the construction of an electrode and a cell 
setup to perform the measurements. An electrode construction technique was developed 
for these test samples. Around 0.3-0.5g of hydrogen absorption material (active material) 
was mixed with 25 wt.% type 210 nickel powder, provided by INCO SPP, Wycoff, NJ. A 
portion of this mixture is spread over a 1.5 cm by 2.5 cm piece of nickel foam, also 
provided by INCO SPP. A 1.4 cm diameter cylindrical plunger is placed on top of the 
filled nickel foam and pressed at 30 ksi (207 MPa). The excess powder is blown from the 
foam using compressed air. To further secure the powder in the electrode, a piece of 
nickel foam, 1.5 cm by 4 cm, is wrapped around the pressed area. A 22-gauge chromel 
wire is used as the lead to the electrode and it is looped once around the nickel foam. Both 
the wire and the second piece of foam are secured by pressing it with a load of 2000 
pounds (8900 N). Figure 3.7 shows an example electrode prepared by this method. 
The cell used for this analysis is of an open half cell construction [ 40]. Figure 3.8 
shows a schematic of the setup. There are three electrodes used for measurements: a 
working electrode, a counter electrode, and a reference electrode. The working electrode 
in this setup is the metal hydride sample of interest. An oversized, sintered Ni(OH)2 
electrode and a Hg/HgO electrode are used as the counter and reference electrodes, 
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1cm 
1cm 
(a) (b) 
Figure 3. 7. These photographs represent two stages in the electrode preparation method 
used to construct test electrodes for electrochemical analysis. (a) 75 wt.% metal hydride, 
25 wt.% nickel powder mixture as-pressed into the nickel foam, and (b) final electrode 
with nickel foam wrap and lead wire lightly pressed into place. 
Electrolyte 
611vlKOH 
Counter Electrode 
Ni(OH)2 
Reference Electrode 
Hg/HgO in lM NaOH 
Working Electrode 
-----+--
LaNi4_75 Sn o. 2 s 
Luggin Capillary 
Figure 3 .8. Schematic representation of the electrochemical testing setup used for the 
cycling measurements. 
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respectively. The reference electrode has a standard electrode potential of +930m V versus 
a standard hydrogen electrode [57], and is attached to a luggin capillary to maintain its 
stability. The reason for using a reference electrode is to compare results of several 
studies, since it always has a constant potential throughout the analysis [13]. 
3.3.3.1 Cycling 
Electrochemical cycling involves repeatedly charging and discharging the electrode 
at a constant current (i.e. galvanostatic). For all of the samples tested, charging was 
conducted at a C/4 rate, where C is the approximate ultimate capacity of the material (in 
mAh/ g) and the denominator represents the number of hours required for charging to full 
capacity. The LaNi4_75Sn0_25 alloy has a maximum capacity of about 300 mAh/g, so the 
charge current for this alloy was 75 mA/g of active material in the electrode. The amount 
of material present in the electrode was calculated by subtracting the mass of the foam and 
the contribution of the nickel powder mixed with the metal hydride powder from the total 
electrode mass. 
Discharging was conducted at the same current as charging and was terminated 
when a voltage of -0.5 V versus the Hg/HgO reference electrode was reached. The 
capacity of that cycle was then determined by calculating the integral of the current versus 
time discharge cµrve to obtain the charge developed in coulombs. One coulomb is equal 
to one ampere-second, so the charge was divided by 3600 seconds per hour and multiplied 
by 1000 milliamps per ampere to obtain milliamp-hours. This value is then divided by the 
mass of the active material in the electrode to produce the discharge capacity, in milliamp-
hours per gram (mAh/g). 
Twenty cycles were performed for each sample. This was believed to be sufficient 
for developing conclusions about the degradation and stability of the electrode during 
cycling, especially since a half cell is used. The rate of degradation in a half cell is greater 
than a sealed cell due to the cell setup. Our cells are setup to be negative limited, or have 
an excess of Ni(OH)2, the positive electrode material. This is to investigate the 
degradation mechanisms more easily. Generally, a sealed cell will be positive limited to 
prevent extensive degradation of the MH electrode and increase cycle lifetime [ 41]. 
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3.3.4 X-ray Diffraction 
One method to initially evaluate the fluoride reacted powders was by x-ray 
diffraction (XRD). If at least 5 vol.% of the fluoride phase was present, XRD should be 
able to detect the presence of both the fluoride and the bulk phases [18]. To locate the 
peaks of the phases, diffraction scans were performed on unfluorinated LaNi4.75Sn0_25 
powder and a standard LaF3 powder. The parameters used for these diffraction scans were 
a two theta range of 20° to 90°, a step of 0.020°, a count time of four seconds, and an Cu 
Ka x-ray source with a wavelength of 1.5406A. The same parameters were used for 
analysis of each powder sample analyzed. 
3.3.5 Scanning Electron Microscopy 
Three main types of samples were evaluated using scanning electron microscopy 
(SEM): powder cross-sections, powder surface morphology, and electrode cross-sections. 
Powder cross-sections and electrode cross-sections were prepared by initially mounting the 
samples into an epoxy mount. Once the epoxy was allowed to set, polishing was 
performed by first using a series of SiC papers (generally 320 grit up to 2000 grit). Then, 
6µm and lµm diamond polishing wheels were used to remove the scratches created by the 
SiC papers. Once a surface free of large scratches was obtained, a colloidal silica solution 
was used as the final polishing medium. A Buehler Vibromet was used to perform the 
final polishing. To prepare these samples for the SEM, carbon or silver paint was applied 
on the epoxy around the sample and a light coat of gold was sputtered on top of the sample 
to provide a conductive path from the sample to the SEM sample mount. 
An Amray 845FE SEM was used to perform the electron imaging for this study. 
Powder cross-sections were analyzed in an attempt to image the fluoride layer present on 
the reacted powders using backscattered electron imaging. Generally magnifications of up 
to 30,000X were employed to perform this analysis. 
Backscattered electron imaging was also used to image the electrode cross-
sections. This imaging technique was used to distinguish between the metal hydride 
powders (generally LaNi4.75Sn0_25) and the nickel present as the binding powder and the 
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foam substrate. Much lower magnifications of around 1 000X and below were used to 
image these samples. 
Powder surface morphology studies used secondary electron imaging to obtain 
information on the powder shape and size when using different powder processing 
methods. Such analysis can enhance the understanding concerning how powder 
processing methods affect initial particle size, particle size and shape after hydrogen 
absorption and desorption, and the structure at the surfaces of the particles. Generally 
these studies were done at low magnifications ( <2000X). 
3.3.6 X-ray Photoelectron Spectroscopy 
XPS was used to obtain chemical composition and chemical bonding information 
on the surfaces of the fluorinated powders. This technique uses x-rays to excite tightly 
bound core electrons from an atom present on the sample surface, thus, producing 
characteristic photoelectrons. The binding energy of each photoelectron is proportional to 
the ionization energy of that electron, and can be detected using an electron energy 
analyzer, most likely a spherical sector electrostatic analyzer (SSA), to obtain the needed 
energy resolution [ 16]. 
A Perkin-Elmer XPS system was used to perform the analysis. To prepare the 
samples for analysis, the powders were pressed into indium foil, a soft metal to hold the 
powder in place. Scans were obtained using a Mg Ka x-ray emission source and scanned 
the binding energy range of 0 to 11 00e V at 0.8e V increments. A reference sample of a 
high purity LaF3 crystal was used to identify the peaks characteristic of lanthanum fluoride 
and for direct comparison to the fluorinated powders. Then, four fluorination samples 
were chosen to be investigated: MLA-NF3-0l, MLA-NF3-10, MLA-NF3-12, and MLA-
NF3-l 7. 
3.3. 7 Auger Electron Spectroscopy 
Auger electron spectroscopy is a useful tool for the purposes of this investigation. 
It is best used for surface analysis of materials which contain light elements and is a semi-
quantitative tool [ 49]. The purpose for using Auger spectroscopy is to analyze the surface 
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of a single particle, not a large amount of particles, like XPS. Thus, a selected set of 
particles can be analyzed to determine if the reaction occurred uniformly on all of the 
particles. 
The Auger electron detection system used was a JEOL JAMP-7830F field emission 
microscope with a hemispherical mirror analyzer (HMA). The HMA allows for greater 
energy resolution than the cylindrical mirror analyzer, therefore, it is possible to identify 
peaks without using the differential peak mode. To prepare the sample for analysis, the 
powder was simply pressed into indium foil. For each powder sample, ten particles were 
analyzed within a 400-900e V energy spectrum window to observe oxygen, lanthanum, 
fluorine, and nickel peaks. The expected energies for each of these peaks are 5 l0eV, 
618eV, 650eV, and 842eV, respectively. Three fluorinated powder samples were 
investigated using this technique: MLA-NF3-10, MLA-NF3-12, and MLA-NF3-17. Ten 
particles of each sample were analyzed by magnifying the image to around 1 0,000X on an 
individual particle. The energy spectrum was scanned a total of ten times for each particle 
using a 5kV, 2nA beam with the detection system set at 0.15e V energy resolution. The 
resulting spectrum for each particle was an average of the ten scans. 
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4. RESULTS 
There are three main areas in which results were obtained for this project. The first 
relates the fluorination reactions performed using the fluidized bed. This includes such 
results as the chemical analysis, x-ray diffraction, and surface analysis using XPS and 
Auger spectroscopy methods. The other two areas studied are gaseous hydrogen 
absorption analysis and electrochemical performance. Comparisons were made to describe 
the effect of the fluorination treatment, the use of gas atomization, and the properties of the 
alloy. 
4.1 Fluorination 
4.1.1 Reactions 
Several separate fluorination trials were conducted to investigate the process of 
forming a LaF3 surface layer on LaNi4.75Sn0_25 powders by solid-gas reactions. Table 4.1 
lists a selection of the trials performed and the parameters used. As described in Section 
3.2.2 there were two fluorination methods: continuous and pulsed NF3 flow. The initial 
trials used a continuous NF3 flow, but the reaction between the fluoride and the powders 
was too rapid and exothermic to get a consistent coating on each particle. Consequently, a 
pulsed method was developed to control the reaction rate and to promote a more uniform 
reaction on every powder particle. 
The minimum powder reaction temperature was determined from MLA-NF3-02, 
where the temperature was slowly raised from 75°C under a continuous flow of NF 3. From 
this test 2 l 0°C was determined to be the lowest temperature at which the reaction will 
progress at a detectable rate. All subsequent trials were conducted at a temperature of at 
least 210°C. 
Determination of the correct flow rates of the two gases was important to ensure 
proper fluidization of the powders and effective reactive gas concentration. The powder 
fluidization was controlled by the flow rate of the argon gas. A flow rate too low would 
not allow even distribution of the reactive gas about all of the powder surfaces, but a flow 
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Table 4.1. Summary of selected NF 3 fluorination runs performed on LaNi4_75Sn0_25 gas 
atomized powders. 
Time or Ar flow NF3 flow Powder Mass of 
Fluorination Time/pols rate rate Temperature powder 
Sample ID Method e (sec.) (mL/min.) (mL/min.) (OC) (g) 
MLA-NF3-0I Continuous 360 450 50 225 10.19 
MLA-NF3-02 Continuous 7500 750 20 75-225 15.62 
MLA-NF3-07 Pulsed, I0X 5 200 20 210 8.14 
MLA-NF3-I0 Pulsed, 20X 10 200 30 211 9.74 
MLA-NF3-12 Pulsed, 40X 15 500 20 211 8.17 
MLA-NF3-14 Pulsed, 20X 30 500 20 211 8.00 
MLA-NF3-l 7 Pulsed, I0X 15 500 20 211 9.08 
Pulsed, IOX 15 500 20 216 
Pulsed, I0X 15 500 20 221 
Pulsed, I0X 15 500 20 226 
rate too high would cause powder to be removed from the reaction zone. The argon flow 
was also considered for determining the concentration of the NF 3 gas. At low argon flows, 
the fluoride concentration would be high and the reactions would be more difficult to 
control. However, with an excessive argon flow, the fluoride concentration would be so 
low, that the probability of initiating a reaction at a powder particle surface would 
decrease. 
An argon flow rate of 500 mL/min. was determined to be sufficient for fluidizing 
and mixing the powder during the course of the reaction process. A rate of 20 mL/min. of 
NF 3 was considered to be an adequate flow rate to induce a reaction, yet maintain control 
of the reaction. The time for which a pulse lasted also helped to manage the reaction by 
controlling how much reactive gas was inserted per pulse. Fifteen seconds was considered 
to be optimal with the 500 mL/min. argon flow rate. 
Figure 4.1 shows temperature profiles of four reactions: MLA-NF3-01, MLA-
NF3-10, MLA-NF3-12, and MLA-NF3-l 7. The extent of the reaction for each pulse can 
be determined by the temperature change experienced during that pulse. The plot for 
MLA-NF3-01 shows how quickly the temperature increases after a reaction is initiated and 
the NF 3 flow is not ceased. The following plots show how more controlled the reactions 
are using the pulsed method. This is especially true for MLA-NF3-12 and MLA-NF3-17, 
where the temperature increase during each pulse diminished at the later pulses. Such 
behavior indicates that the reaction layer produced at the particle surfaces is preventing 
4,il 
! = 
""' 4,il r 
4,il 
E-t 
""' 4,il 
l 
0 
37 
I 
450 I I I I I I I - - - - - , - - - - - - - i - - - - - - I - - - - - - - ,- - - - - - - i - - - - - - -, - - - - - - - ,- - - - - - -
I 
I I 
400 - - - - -•- - - - - - - - - - - - - - - - - - - _,_ - - - - - - + - - - - - - -I - - - - - - - - - - - - -
I 
350 
I I I I I I I - - - - -,- - - - - - - r - - - - - - 1 - - - - - - -,- - - - - - - T - - - - - - -, - - - - - - - ,- - - - - - -
I I I I I I I 
300 - - - - -'- - - - - - - L - - - - - - .J - - - - - - -'- - - - - - - .l - - - - - - -' - - - - - - - L - - - - - -
I I 
- - - - - -1- - - - - - - r - - - - - - , - - - - - - - 1- - - - - - - T - - - - - - -, - - - - - - - r- - - - - - -
I 
200 
0 30 60 90 120 150 180 210 240 
220 
:MLA- 3-10 
218 1- - - - - - - L - - - - - - .J - - - - - - -1- - - - - - - "- - - - - - - -I - - - - - - - L - - - - - -
I I I I 
I 
216 
I 
I 
I I I I I -------r------1--- ----------i------~-------r------
I I 
214 ----T------,-------r------
----.1.---------------~------
I I I 
30 60 90 120 150 180 210 240 
MLA~NF3-12: 
- - - - - -1- - - - - - - L - - - - - - .J - - - - - - -1- - - - - - - .I. - - - - - - -1 - - - - - - _ L _____ _ 
I I I I I I I 
I 
I I I I I ----------r------1--------------i------~-------r------
, I 
210 0 30 60 90 120 150 180 210 240 
230,-......,.-~~-~~-~~-~~-~~---.--~-.--....-........ ---,,--....,...---,~....,...~-~---.--+ 
:MLA-NF3-17 
I 
225 .L - - - - - - -1 - - - - - - - L - - - - - - .J - - - - - - - 1- - - - - - - .1. - - - - - - -I - - -
I I I I I I I 
I I I 
T - - - - - - -,- - - - - - - r - - - -
0 30 60 90 120 150 180 210 240 
Time (min.) 
Figure 4.1. Plots of four temperature profiles of NF 3 fluorination experiments performed 
on LaNi4.75Sn0_25 gas atomized powders. 
38 
any subsequent reactions from occurring, thereby passivating the powders. Even an 
increase in temperature at the later pulses, as in MLA-NF3- l 7, did not overcome the 
passivation behavior [ 6]. 
4.1. 2 Chemical Analysis 
Fluorine chemical analysis was performed to measure the fluorine concentration of 
each of the fluorination trials. Table 4.2 lists the results of the analysis for each of the 
trials, as well as an unfluorinated sample of the LaNi4.75Sn0_25 gas atomized powder for 
comparison and use as a baseline. The fluorine concentration is also compared to the 
normalized amount ofNF3 flowed through the reactor. The normalizing factor is the initial 
mass of powder present in the reaction chamber. Although a direct correlation cannot be 
developed between the two values in Table 4.2, the chemical analysis does show how 
different fluorination parameters (listed in Table 4.1) can affect the fluorine concentration 
when a similar amount ofNF3 is introduced. A comparison ofMLA-NF3-12, MLA-NF3-
14, and MLA-NF3-l 7 shows that for experiments where a similar amount ofNF3 was 
introduced per gram of powder that the number of pulses, NF 3 concentration per pulse, and 
powder temperature effect the final fluorine concentration in the powder. For example, 
MLA-NF3-14 had twice the NF3 concentration per pulse in half the number of pulses than 
MLA-NF3-12, but had a reduced fluorine concentration. However, an increase in fluorine 
concentration was measured for MLA-NF3-l 7 over MLA-NF3-12 due to the increase in 
powder temperature every ten pulses, otherwise the parameters were similar for the two 
Table 4.2. Fluorine chemical analysis results for selected NF 3 fluorinations of 
LaNi4_75Sn0_25 gas atomized powders. 
Sample ID 
BT-3-216, annealed 
MLA-NF3-0l 
MLA-NF3-07 
MLA-NF3-10 
MLA-NF3-12 
MLA-NF3-14 
MLA-NF3-17 
Amount of NF 3 flowed, in 
3 cm per gram of powder 
0 
29.2 
3.07 
9.55 
24.5 
25.0 
22.2 
Fluorine Concentration 
· (wt.%) 
0.133±0.012 
3.6±0.3 
0.243±0.008 
0.69±0.05 
0.306±0.007 
0.25±0.03 
0.51±0.05 
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samples. Therefore, a deliberate introduction of the NF 3 into the system and an increase in 
temperature yield a higher fluorine concentration in the powder. 
4.1 .3 X-ray Diffraction 
An initial examination of the fluorinated powder was performed using XRD. The 
parameters used were described in Section 3 .3 .4 and some selected scans are plotted in 
Figure 4.2. Scans ofMLA-NF3-01, MLA-NF-10, MLA-NF3-12, and MLA-NF3-17 are 
displayed with scans of an unfluorinated powder sample and LaF 3 powder for comparison 
and peak identification. All of the fluorinated samples show the dominant peaks present 
for LaNi4_75Sn0_25 . The slight shifts in the 28 angle can be attributed to a small change in 
the sample stage height during analysis. However, MLA-NF3-01 shows small, broad 
peaks at the 28 angles where the most intense LaF 3 peaks are located. The other three 
scans do not show this behavior, possibly due to an insufficient LaF 3 layer thickness when 
compared to the enhanced thickness on some MLA-NF3-01 powders. If the coating is 
thick enough ( ~0.5 µm on a 15 µm particle), there would be a large enough concentration of 
x-rays diffracting off of the LaF3 planes to create peaks in the scan. SEM analysis will 
show that the fluoride layers on MLA-NF3-12 and MLA-NF3-l 7 powders were not thick 
enough, while some MLA-NF3-01 powders showed sufficient thickness. 
An interesting artifact present in the XRD scans is the presence of a small peak at a 
28 angle slightly greater than 44. The location of this peak corresponds to the highest 
intensity peak for metallic nickel. Also, according to structure factor calculations for a 
LaNi5-based material, that peak should not be present [ 51]. The highest intensity peak 
related to the (111) plane for nickel would be located at 44.6 28. However, the peaks 
present in Figure 4.2 are at about 44.2 28. This difference can be accounted for by a small 
concentration of tin present on the nickel lattice. The tin would cause the d-spacing to 
increase to accommodate it larger size, which causes the 28 value to decrease, according to 
Bragg's Law. The presence of this phase could be caused by the oxidation of lanthanum, 
or the loss of lanthanum by some other means. 
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Figure 4.2. Plot of x-ray powder diffraction scans for selected fluorinated samples along 
with a scan of LaF 3 and as-annealed LaNi4.75Sn0_25 gas atomized powder. The arrows 
indicate the LaF3 peak locations in the MLA-NF3-0l scan. The asterisks denote peak 
locations of the (111) and (200) planes of metallic nickel. 
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4.1. 4 SEM Analysis 
Polished cross-sections of the fluorinated powders were prepared to image the 
coating developed by the fluorination reaction. From these investigations, the thickness of 
the layer can be approximated, the determination of the coating continuity, and the coating 
consistency within a particle sample can be determined. Figure 4.3 shows backscattered 
electron images from three separate fluorination attempts. Powder from MLA-NF3-0l 
(Figure 4.3a) shows a thick layer ( ~ 1 µm) on the surface of the powder, but no noticeable 
coat on the particle next to it. Such selectivity indicates that only a portion of the particles 
reacted with the fluoride. This also helps explain why small peaks representing LaF 3 were 
detected using XRD; those particles with a thick LaF 3 layer enabled a significant amount 
of x-rays to diffract off of the crystallographic planes of the fluoride lattice. 
However, images shown in Figures 4.3b and 4.3c ofMLA-NF3-12 and MLA-NF3-
17, respectively, represent LaF3 layers much thinner (0.1-0.2 µm) than the particle shown 
in Figure 4.3a. These thinner coatings are closer to the thickness desired for this process 
and were present on a larger percentage of the particles (as shown in Section 4.3.2). 
Therefore, the pulsed NF 3 flow method is more effective at controlling the reaction rate at 
the particle surfaces than the continuous flow method, enabling some control on the 
coating thickness. 
4.1.5 Surface Analysis 
Both XPS and AES techniques were used to characterize the surface chemistry 
present on the fluorinated powders. XPS was used to obtain an overall scan of four 
powder samples (MLA-NF3-01, MLA-NF3-10, MLA-NF3-12, and MLA-NF3-l 7) and a 
LaF 3 reference sample. Figure 4.4 shows all of the scans in a binding energy range of zero 
to 1 l00eV. From these spectra, the dominant surface structures present on the fluorinated 
powders appear to be LaF3 and La20 3, due to the enhanced intensity of the respective 
peaks in the spectra. Some general qualitative comparisons between the powder samples 
can be made with respect to the intensities of the fluorine and oxygen peaks. As the 
sample number increases, the intensity of the F( 1 s) peak increases, while the intensity of 
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(a) 
(b) 
Figure 4.3. Backscattered electron images of fluorinated LaNi4.75Sn0_25 powder cross-
sections. Each image represents a separate fluorination: (a) MLA-NF3-01, (b) MLA-
NF3-12, and (c) MLA-NF3-l 7. 1 is the epoxy mounting material, 2 is the powder bulk, 3 
is the fluoride surface layer, and 4 is polishing remnants. 
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(c) 
Figure 4.3. Continued. 
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Figure 4.4. XPS spectra for four fluorinated powder samples (MLA-NF3-01, MLA-NF3-10, MLA-NF3-12, and MLA-NF3-17), 
and a scan of a LaF 3 crystal. 
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the O(ls) peak decreases. This implies that less oxide on the MLA-NF3-01 powders was 
converted to fluoride during fluorination, while for MLA-NF3-l 7, a larger percentage of 
the oxide was converted. Again, this indicates a preference for the pulsed method to 
achieve the best coating application. 
Surface analysis studies were also performed using Auger electron spectroscopy. 
The purpose of using this technique was to qualitatively investigate the surface species 
present on a series of individual particles for a given sample, whereas XPS scans a larger 
region. Three fluorinated powder samples were investigated: MLA-NF3-10, MLA-NF3-
12, and MLA-NF3-l 7. Ten separate particles were scanned for each sample and were 
compared to a scan of an unfluorinated powder sample as shown in Figures 4.5, 4.6, and 
4. 7. Upon analysis of these figures, the fluorinated samples show a substantial fluorine 
peak indicating the presence of a fluoride on the surface. Also, the intensity of the oxygen 
is decreased in the fluorinated samples over the unfluorinated sample, suggesting a 
decrease in the oxide concentration. 
Comparing each of the fluorinated powder samples, some trends can be observed. 
There is very little difference in the lanthanum peak intensities between all of the powder 
samples. The fluorine peak intensity increases as the sample number increases, similar to 
what was observed in XPS, reinforcing the idea that MLA-NF3-17 has the most consistent 
fluoride layer present on all of the particles. A slight increase in nickel intensity on the 
fluorinated powders suggests that fluorides of nickel may be forming, or metallic nickel is 
present after the fluorination of the lanthanum. The oxygen intensities present in the 
fluorinated powders scans are less intense than the non-fluorinated powders. Thus, 
demonstrating the NF3 gas reduces the oxide to form the fluoride. MLA-NF3-17 scans 
show the least intense oxygen peaks, implying a greater amount of the oxide was reduced 
during this fluorination. 
Results from both XPS and AES studies were complimentary. Both showed a 
significant presence of lanthanum and fluorine at the powder surfaces, concluding that 
LaF 3 was formed by the fluorination technique. Also, both methods show that there is an 
oxide still present, most likely La20 3, but some NiO may be present due to small nickel 
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Figure 4.5. Auger electron spectroscopy scans often MLA-NF3-10 particles compared to a scan of the unfluorinated material 
prior to fluorination ( • ). Each peak is labeled with its corresponding element. 
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peaks detected by both techniques. This is also consistent with XRD results where a 
nickel peaks were also detected. 
4.2 Hydrogen Gas Absorption 
The hydrogen absorption technique was used for two purposes. First, an 
investigation of the gas-phase hydrogen absorption properties was conducted to determine 
the effects which can be attributed to particle size, powder processing method, and the 
presence of surface coatings. Also, an examination of the powder fracturing phenomenon, 
which occurs during hydride/dehydride cycling, was conducted without the influence of an 
electrochemical environment to observe which processing parameters affect fracturing. 
4.2.1 Gas Atomized and Annealed 
The effect of particle size on hydrogen gas absorption is displayed in Figure 4.8. 
Both samples are from the same LaNi4.75Sn0_25 gas atomization batch, and it can be seen 
that the particle size does not have a significant affect on the capacity or the plateau 
pressure. The capacity at one atmosphere is improved with <25 µm diameter powders, but 
the ultimate capacities are equal at about 5 .6 HI AB5 for both size ranges. Therefore, this 
investigation does not show a considerable difference in the hydrogen absorption 
properties based on initial particle size. 
Repeated hydrogen absorption/desorption cycles were performed on three separate 
samples. Two of the samples were argon atomized, <25 µm diameter LaNi4.75Sn0_25 
powders with different annealing times at 900°C: fifteen minutes and four hours. The 
third sample is of the same composition and particle size range, but was atomized with 
helium gas and was heat treated for fifteen minutes at 900°C. A total of five cycles were 
completed to determine if the annealing time and atomization gas had any effect on the 
particle size range which was resistant to cracking. Secondary electron imaging of the 
powders after hydrogen cycling was used to observe the fractured and non-fractured 
particles. Figure 4.9 shows representative images of the argon atomized powder annealed 
for fifteen minutes before and after five hydrogen absorption/desorption cycles. From 
analysis and comparison of several SEM images, a critical powder size was estimated to be 
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Figure 4.8. Hydrogen absorption isotherms for two separate gas atomized samples of LaNi4.75Sn0_25 : <25µm annealed at 900°C 
for fifteen minutes and 53-106µm powders annealed at 900°C for 75 minutes. 
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(a) 
(b) 
Figure 4.9. Secondary electron micrographs of <25µm diameter LaNi4.75Sn0_25 argon 
atomized powders annealed at 900°C for 15 minutes (a) prior to hydrogen absorption and 
(b) after five hydrogen absorption/desorption cycles. 
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about 7 µm in diameter. Below this size, the powders remained intact, while above, 
fracturing occurred. 
One method proposed to improve the fracturing stability of the particles was to 
increase the annealing time. The purpose of this is relaxation of any stresses developed 
during solidification that a shorter anneal would be unable to relieve. Figure 4.10 shows 
representative secondary electron images of the four hour annealed argon atomized powder 
before and after five hydrogen absorption/desorption cycles. After analysis of several 
SEM images of the powder, there appeared to be a small increase in the critical powder 
size when compared to powders represented in Figure 4.9b. Also, the extent of the 
cracking was considerably different. Extended annealing appears to slightly affect the 
particle sizes which crack, but has more of an affect on the rate at which cracking occurs. 
A second possible method of improving the fracture behavior of gas atomized 
powders is to atomize with helium instead of argon. Helium induces an increased amount 
of undercooling during solidification on the particles due to an order of magnitude greater 
thermal conductivity [2]. The ability of helium to extract heat from the particle droplets at 
a faster rate allows finer microstructural features to form. As the feature size is reduced, 
the mechanical properties of the material will improve. Also, a larger fraction of fine 
particulate were produced with helium as the atomization gas due to a higher gas velocity 
during atomization [3]. Figure 4.11 a shows a secondary electron image of the helium 
atomized LaNi4_75Sn0_25 powder; the particles have a considerably smaller average 
diameter than the argon atomized powders shown in Figure 4.9a. Also, the helium 
atomized particles show less decrepitation than the argon atomized powders after five 
hydride/dehydride cycles in gaseous hydrogen, as shown in Figure 4.11 b. Particles smaller 
than 15 µm in diameter show no signs of cracking when helium is used to atomize. An 
estimate for the particle size division between cracked and non-cracked particles for this 
powder sample was determined to be between 15 and 20µm in diameter. This is a 
significant increase in particle sizes resistant to fracturing when compared to the argon 
atomized powders. 
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(a) 
(b) 
Figure 4.10. Secondary electron micro graphs of <25 µm diameter LaNi4_75Sn0_25 argon 
atomized powders annealed at 900°C for four hours (a) prior to hydrogen absorption and 
(b) after five hydrogen absorption/desorption cycles. 
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(a) 
(b) 
Figure 4.11. Secondary electron micrographs of <25 µm diameter LaNi4.75Sn0_25 helium 
atomized powders heat treated at 900°C for fifteen minutes (a) prior to hydrogen 
absorption and (b) after five hydrogen absorption/desorption cycles. 
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4. 2. 2 Fluorinated 
Fluorinated LaNi4.75Sn0_25 powders were also investigated by using hydrogen 
absorption measurements. The plots of three fluorinations (MLA-NF3-10, MLA-NF3-12, 
and MLA-NF3-l 7) are displayed on the same graph, along with an unfluorinated powder 
sample as a reference in Figure 4.12. All of the samples were annealed at the same 
parameters of 15 minutes at 900°C. Each of the curves, with the exception of MLA-NF3-
12, start out similarly until about 4 H/AB5 is reached. There, the equilibrium hydrogen 
pressure of MLA-NF3-l 7 begins to increase. At a slightly higher hydrogen concentration 
the equilibrium hydrogen pressure ofMLA-NF3-10 begins to increase and the equilibrium 
hydrogen pressure of the unfluorinated sample begins to increase at the highest hydrogen 
concentration. The MLA-NF3-12 sample had a slightly lower plateau pressure and had a 
hydrogen concentration of SHI AB5 at one atmosphere, similar to the unfluorinated sample. 
The cause of the reduced capacity for MLA-NF3-10 and MLA-NF3-17 may be 
related to the hydridable mass of the powder sample. For the unfluorinated powder, nearly 
all of the mass is considered hydridable, but fluorination decreases that mass. When the 
fluoride is formed, lanthanum is removed from the LaNi4.75Sn0_25 structure to form LaF3, 
which is not hydridable, nor is the remaining nickel-rich region created beneath the 
fluorination zone. Therefore, the hydrogen storage capacity of the material is decreased 
with this method of passivation. However, the MLA-NF3-12 sample did not show this sort 
of behavior. A possible explanation concerns the particle size distribution used for this 
measurement. The MLA-NF3-12 sample was the only sample that did not contain any 
<5 µm powder. For the fluorinated powder samples, if a coating thickness was relatively 
independent of particle size, the smallest particles would experience the largest volume 
loss of hydridable material. Therefore, this was not observable for the MLA-NF3-12 
sample. 
4.2.3 Cast 
An alloy of LaNi4.75Sn0_25 was DC arc melted, chill cast, and annealed for 72 hours 
at 950°C as a button. Powder was formed from this button by grinding. An alloy of 
MmNi3_55Co0_75Mn0.4Al0_3 was obtained from Santoku America, Inc. and annealed at 900°C 
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Figure 4.12. Hydrogen absorption isotherms for three fluorinated powder samples (MLA-NF3-l 0, MLA-NF3-12, MLA-NF3-l 7) 
compared to an unfluorinated sample of LaNi4_75Sn0_25 gas atomized powder (BT-3-216). 
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for 4 hours as a powder. Comparisons between these two compositions can provide an 
insight on their electrochemical behavior. Also, differences between processing 
techniques (gas atomized vs. cast and crushed) can be evaluated. 
Figure 4.13 shows the hydrogen absorption behavior of the two cast samples and 
the <25 µm diameter gas atomized powder used as a reference. The cast LaNi4.75Sn0_25 
sample showed similar plateau pressures as the gas atomized powder but had a slightly 
higher maximum capacity; 5.9 H/AB5 was achieved for the cast material as opposed to 5.6 
HI AB5 for the atomized sample. The misch-metal multicomponent alloy shows a very 
different type of curve than the other two. The regions are considerably less defined, with 
a more gradual pressure rise as the hydrogen composition increases and no definable 
plateau region. This behavior probably occurs due to the large amount of substitutional 
elements present, increasing the probability of solidification segregation [3]. However, the 
maximum capacity is similar to the capacity measured for the LaNi4_75Sn0_25 cast alloy. 
4.3 Electrochemistry 
Electrochemical cycling studies were conducted to investigate the effects of 
particle size, powder production method, composition, and surface coatings. Table 4.3 
lists the electrodes which will be discussed in this section and the characteristics of each 
electrode. There are three main groups in which these electrodes can be categorized: gas 
Table 4.3. Summary of electrodes constructed and cycled electrochemically. 
Electrode GA or Powder Size 
ID Cast Comeosition Range Heat Treatment Fluorination 
UF0l GA LaNi4.75Sno.2s <25µm 15 min. @ 900°C None 
UF02 GA LaNi4.75Sn0_25 53-106µm 7 5 min. @ 900°C None 
UF03 GA LaNi4.75Sn0_25 <5µm 15 min. @ 900°C None 
UF08 GA LaNi4.75Sno.2s 50% <25µm 15 min. for <25 µm, None 
50% 53- 75 min. for 53-
106µm 106 µm @ 900°C 
Fl24 GA LaNi4.75Sn0_25 <25µm 15 min. @ 900°C MLA-NF3-12 
Fl25 GA LaNi4.75Sn0_25 <5µm 15 min. @ 900°C MLA-NF3-12 
F171 GA LaNi4.75Sn0 _25 <25µm 15 min. @ 900°C MLA-NF3-17 
CAC2 Cast LaNi4.75Sn0_25 <25µm 72 hrs. @ 950°C None 
CAC3 Cast MmNi3_55Coo.7s <25µm 4 hrs. @ 900°C None 
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Figure 4.13. Hydrogen absorption isotherms for cast and annealed LaNi4_75Sn0_25 , cast and annealed MmNi3_55Co0_75Mn0.4Al0_3, and 
gas atomized and annealed LaNi4_75Sn0_25 . 
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atomized and annealed (UF##) electrodes, fluorinated gas atomized electrodes (F###), and 
cast and crushed electrodes (CAC#). 
4.3.1 Gas-atomized and Annealed 
Initial particle size can have an effect on the performance of a metal hydride 
electrode. Using gas atomized powders, a series of LaNi4.75Sn0_25 electrodes were prepared 
with <25 µm and 53-106µm diameter size ranges. Figure 4.14 shows cyclic capacity 
curves for the <25 µm diameter powders (UFO 1 ), the 53-106µm diameter powders (UF02), 
and a mixture of 50 wt.% <25 µm diameter and 50 wt.% 53-106µm diameter powders 
(UF08). From this comparison, one can conclude that cyclic stability is improved using 
the smaller initial particle size to construct the electrode. 
A reason for the improvement in cyclic stability with the use of finer particles is 
related to the fracturing tendency of the alloy during electrochemical cycling. Figure 4.15 
shows how an electrode composed of <25 µm diameter powders is affected by 
electrochemical cycling. Prior to cycling the alloy particles are intact and spherical in 
shape. However, after twenty electrochemical cycles particles greater than about 7µm in 
diameter crack from the strain induced during hydrogen desorption [9,45,52]. The 
particles smaller than 7 µm stay intact. The reduction in capacity observed from the sixth 
to the twentieth cycle may be attributed to the oxidation of the freshly exposed surfaces 
resulting from fracturing. The capacity loss on cycling is greatly enhanced with the use of 
the larger powders. From Figure 4.16, one can deduce that a large increase in surface area 
is obtained when the larger particles are cycled. All of the original 53-106µm diameter 
particles were fragmented into particles of about 5 µm in size. The particle attrition 
experienced by these larger powders created a large increase in surface area. As discussed 
earlier, these newly formed surfaces will oxidize the hydrogen absorbing material, thus, 
reducing the hydrogen storage volume. Since there was a larger increase in surface area 
due to particle fracturing for the larger powder size range, a larger capacity reduction was 
observed. 
Since it was the smallest particles that did not fracture during cycling, a <5 µm 
diameter powder sample was electrochemically cycled twenty times to determine if the 
--el) ---..c: < e ---;;... ...... .... u 
u 
Q,) 
el) 
..c: u 
00. .... 
300 .-------.--.......-----.,---~------~~-~-~----....-~--.-------....---..----.------. 
250 t- ··········-# · - ····· ···· ··· · ···· ··········· ···· · ··········~·· 
200 ---- -• --- 11- -- 1- ------------ -- ----- - -- ------------------- ------ -- --- ----------- -- ------ - - -- - ------ - ---- - - - - -- -- --- -- ---- --- ------ --- --- ---- ------- - ----- -- ----
150 - ··•·•····•·· ----- '---- ------ - ---- ------ - - ---- - ------- ---- ········-------------- -- --------- ·······•· ··---------- ---- -- ------- - -- - ----- ---
100 ,-. . I I .. .. ,- •......•. . • .. • .... . - - .... • • • • 
50 _._UFOl (BT-3-216, <25µm) 
-O-UF02 (BT-3-216, 53-106µm) 
---UFOS (BT-3-216, 50% <25µm, 50% 53-106µm) 
0 ___ ____._ _ __.__,______,__ _ __._____._ _ ___.___...______._ _ __..____. _ ___._ _ _._______.__.....,_______.'---__.___...._______._____, 
0 5 10 
Cycle, n 
15 20 
Figure 4.14. Cyclic capacity plots for three samples ofLaNi4.75Sn0_25 gas atomized alloy. UF0l is <25µm diameter powder, UF02 
is 53-106µm diameter powder, and UF08 is a 50-50 mixture by weight of these two size ranges. 
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(a) 
(b) 
Figure 4.15. Backscattered electron micrographs ofUFOl (a) before cycling and (b) after 
20 electrochemical cycles. 1 is the epoxy mounting material, 2 is nickel foam and powder, 
and 3 is the metal hydride material. 
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(a) 
(b) 
Figure 4.16. Backscattered electron micro graphs of UF02 ( a) before cycling and (b) after 
20 electrochemical cycles. 1 is the epoxy mounting material, 2 is nickel foam and powder, 
and 3 is the metal hydride material. 
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stability improves with the initially smaller particulate. However, as shown by Figure 
4.17, this is not the case. One reason for such a depletion in properties may be an 
increased probability of loosing electrical contact with the current collector because of a 
smaller surface area for which to make a connection. Also, another possibility could be 
related to the mass used to make the electrode. As opposed to the samples using larger 
powder, the amount of active material for UF03 was about one-fourth that of UFO 1. 
Although the current was regulated accordingly, the effects of an original oxidation layer 
and loss of particle contact will be amplified. 
Also plotted in Figure 4.17 is the cyclic discharge capacity curve for a <25µm 
diameter powder distribution of helium atomized LaNi4_75Sn0_25 (UF12). The stability of 
this electrode appears to be improved over UFOl (argon atomized LaNi4_75 Sn0_25). Such an 
improvement in discharge capacity could be attributed to two factors: larger fraction of 
particles smaller than 7 µm and improved mechanical properties derived from different 
solidification conditions encountered for argon and helium atomization gases. Figure 4.18 
shows cross-sectional images of this electrode. When compared to the UFO 1 electrode, 
there are a larger fraction of smaller particles, and these particles are not cracked. The 
particles which are cracked did not attrit into as small of particles, either. Gaseous 
hydrogen absorption predicted that the division of particle sizes between cracked and not 
cracked was l 5-20µm. However, after electrochemical cycling that number shifts to about 
1 Oµm, slightly greater than the argon atomized powder. 
4.3.2 Fluorinated 
One initial hypothesis of this investigation was that the fluorinated powders, when 
electrochemically cycled, would be more stable than similar unfluorinated electrodes. 
Samples F 124 and F 171 in Figure 4.19 show this not to be true, when compared to UFO 1. 
Both of these electrodes have initial capacities near that of the unfluorinated powder, but 
the capacities drop at a much greater rate at later cycles. Two primary reasons may be 
responsible for the capacity decrease. Particle cracking during cycling is probably 
responsible for some of the degradation, because fresh, non-passivated surfaces become 
exposed to the corrosive electrolyte as a result of the fracturing. This mechanism is similar 
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Figure 4.17. Cyclic capacity plots for two samples of LaNi4.75Sn0_25 gas atomized alloy compared to UFO 1. UF03 is composed of 
<5µm diameter particles and UF12 is helium atomized powder, <25µm diameter. 
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(a) 
(b) 
Figure 4.18. Backscattered electron images showing polished cross-sections ofUF12. 
Both (a) and (b) show the electrode after 20 electrochemical cycles. 1 represents the 
epoxy mounting material, 2 is nickel foam and powders, and 3 is the metal hydride 
powder. 
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Figure 4.19. Cyclic capacity plots for two samples of fluorinated powders and the unfluorinated LaNi4.75Sn0 _25 gas atomized 
powder (UFOl) for comparison. F124 and Fl 71 are <25µm samples ofMLA-NF3-12 and MLA-NF3-l 7, respectively. 
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to the unfluorinated powders, as described earlier. Essentially, the purpose of the fluoride 
coating is negated. Figures 4.20 and 4.21 show cross-sections of the F 124 and F 171 
electrodes, respectively. For both samples, not only are the particles cracked, but the 
coating is fractured and separated from the surface. Thus, the second mode of degradation 
in these samples appears to be the cracking and spalling of the protective fluoride layer 
during cycling. When this layer is removed, no obvious barrier impedes further oxidation 
reactions between the electrolyte and the alloy particle surfaces. 
When <5 µm diameter unfluorinated and fluorinated particles are cycled, a much 
different conclusion was reached, as shown in Figure 4.22. Here, the fluorinated powder 
shows improved capacity and degradation behavior over the unfluorinated powder. As 
can be seen from Figure 4.23 that there is little difference in the microstructure of these 
two electrodes. Therefore, differences in the particle cracking behavior cannot explain the 
difference between the capacities of the electrodes. However, the effect of a retained 
fluoride surface film suppressing oxidation and corrosion of the initial powder surface may 
be more significant. Further investigation into what acts as an oxidation and corrosion 
barrier is needed to understand this behavior. On these very fine particles, is some fluoride 
retained, or does a nickel-rich sublayer act as the oxidation barrier after the fluoride layer 
has spalled off? 
4.3.3 Cast 
Conventionally processed cast and crushed powders were investigated using 
electrochemical cycling to compare its properties to gas atomized powders of the same 
alloy to determine ifthere is an advantage to either method. LaNi4.75Sn0_25 was used as the 
model alloy. This alloy is not typically used as an AB5 alloy in commercial applications, 
but has a much simpler solidification microstructure to characterize. Also, a comparison 
between the cast and crushed powders of MmNi3_55Co0_75Mn0_4Al0_3 (an alloy composition 
similar to those commercially processed) and LaNi4_75Sn0_25 were observed using 
electrochemical methods. By comparing the electrochemical properties of these two cast 
and crushed powder samples and the LaNi4.75Sn0_25 gas atomized powder samples, an 
assumption can be made to the electrochemical properties of gas atomized 
MmNi3_55Co0_75Mn0.4Al0_3 alloy powders. 
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(a) 
(b) 
Figure 4.20. Backscattered electron images of F124 electrode cross-sections, after 20 
electrochemical cycles, showing (a) an overall view of the particles in the electrode and (b) 
a close-up look of one particle within the electrode. 1 is the epoxy mounting material, 2 is 
nickel powder, and 3 is the metal hydride material. 
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(a) 
(b) 
Figure 4.21. SEM images of Fl 71 electrode cross-sections showing (a) a multiple particle 
view of the electrode (BSE) and (b) a close-up look of one particle within the electrode 
(SE). 1 is the epoxy mounting material, 2 is nickel foam and powder, 3 is the metal 
hydride material, and 4 is the fluoride coating. 
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(a) 
(b) 
Figure 4.23. Backscattered electron images of electrode cross-sections of (a) UF03 and (b) 
F 125, and a secondary electron image of ( c) two F 125 particles showing the detached 
fluoride coating. 1 is epoxy mounting material, 2 is nickel foam and nickel powder, 3 is 
the metal hydride particulate, and 4 is the fluoride layer. 
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(c) 
Figure 4.23. Continued. 
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Cyclic capacity curves are displayed in Figure 4.24 for electrodes constructed of 
the two types of cast materials (CAC2 and CAC3) and the argon atomized LaNi4.75Sn0_25 
alloy powders (UFO 1) as a reference. All three of the samples consist of powders which 
have passed through a 500 mesh screen (25µm openings). Comparing UFOl to CAC2, the 
use of gas atomized powder improves the cyclic stability of the alloy, even though the cast 
material had a higher capacity in the initial cycles. After twenty cycles the degradation in 
UFO 1 (gas atomized powder) was considerably less than that of CAC2 ( cast and crushed 
particulate). A reason for this increased degradation in CAC2 is due to its fracturing 
behavior during cycling. Figure 4.25a is a backscattered SEM image of a portion of the 
CAC2 electrode after twenty electrochemical cycles. When compared to Figure 4.15b, the 
cast and crushed particles attrit into smaller particles and are less equiaxed in shape, on 
average. Thus, more surface is exposed to the electrolyte for an oxidation reaction to 
occur. Therefore, the capacity is lowered as these surfaces are created and oxidized. 
There is a sharp contrast between electrodes CAC2 and CAC3. The use of the 
misch-metal multicomponent alloy shows considerable improvement in cyclic stability 
when compared to a similarly prepared LaNi4.75Sn0_25 alloy electrode. Some of this 
improvement can be attributed to the larger particle size after twenty electrochemical 
charges and discharges for CAC3 when compared to CAC2 as shown in Figure 4.25. The 
larger particle size after cycling corresponds to fewer new surfaces being formed, where 
oxidation can occur and reduce capacity. Also, the use of aluminum and cerium (the major 
component of the misch-metal) have been considered as passivating oxide formers for AB5 
alloys by some researchers [ 1,46]. They claim that alloys with these elements produce a 
more protective oxide layer on the particulate surfaces than lanthanum oxide can provide. 
Thus, yielding a more stable electrode and enabling longer cyclic lifetimes. 
CAC3 shows similar cyclic degradation as UFO 1, the gas atomized LaNi4.75Sn0_25 
alloy. It is intriguing to consider whether powders of MmNi3_55Co0_75Mn0.4Al0_3, or a 
similar alloy, produced by high pressure gas atomization, would exhibit further 
improvement of the cyclic stability. Such improvement would be consistent with our 
results, thus far. 
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Figure 4.24. Cyclic capacity plots for samples prepared by the casting and grinding technique. CAC2 is an electrode comprised 
of <500 mesh LaNi4_75Sn0_25 particles, while CAC3 is composed of <500 mesh MmNi3_55Co0_75Mn0.4Al0.3 particles. These two 
samples are compared to the UFO 1 electrode, comprised of <25 µm diameter ( <500 mesh) Ar-atomized LaNi4.75Sn0_25 powders. 
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(a) 
(b) 
Figure 4.25. Backscattered electron images of electrode cross-sections for (a) CAC2 and 
(b) CAC3 after 20 electrochemical cycles. 1 denotes the epoxy mounting material, 2 is the 
nickel foam and powder, and 3 is the metal hydride material. 
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5. DISCUSSION 
Several results were presented in the previous chapter. Their relevance to the 
objectives stated in the introduction of this thesis are very important. Discussions are 
categorized based on the objectives: modes of degradation, effect of gas atomization, and 
effect of surface fluorination process. Also, recommendations will be made for avenues in 
which the investigation can be taken further. 
5.1 Modes of Degradation 
As described in Chapter 3, the three modes of degradation described by several 
researchers for metal hydride materials are corrosion/oxidation, particle decrepitation, and 
disproportionation. When used as an anode for a nickel metal hydride battery the two 
main degradation modes are corrosion/oxidation and particle decrepitation. 
Disproportionation does not readily occur in the analyzed samples because of three reasons 
[12,48]: 
1. particles are not thermally cycled in the battery environment 
2. powders are not cycled for an extensive number of cycles during testing 
3. material is not in the hydrided state for long periods of time. 
Also, the addition of tin to the crystal lattice reduces the rate at which disproportionation 
occurs as discussed in Section 2.3.2.1. 
The oxidation/corrosion and decrepitation degradation modes were observed by 
many previous investigations [ 1, 10,38,57] for particulate which was processed using a 
casting and crushing method. Therefore, it was of interest to see if similar modes of 
degradation are present when gas atomized powders are used. 
Particle decrepitation was observed in gas atomized particles using both the 
gaseous hydrogen absorption/desorption technique and electrochemical cycling. Images in 
Figures 4.9 and 4.15 show that all of the particles crack with an exception of the smallest 
particles, about 7 µm and smaller for both cycling techniques. The smaller particles do not 
crack because the stress state at the surface is a function of the particle diameter. Ting [ 51] 
described this behavior in terms of a hoop stress at the particle surface and the rate at 
which the ~-phase converts to the a-phase at the powder core. A particle with a smaller 
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diameter will be able to more rapidly convert from the ~-phase to the a-phase during 
desorption to avoid excessive surface tensile stresses. The amount of hoop stress exerted 
on the outer surface of the spherical particle is directly proportional to the diameter of the 
sphere [ 42]. During hydrogen absorption a particle will experience up to 7. 7% change in 
diameter [9], however, the actual dimensional change will depend upon the initial particle 
size. Figure 5.1 is a plot showing how much the diameter changes from the unhydrided 
state to the hydrided state as a function of initial particle size. Volume increases of 15% 
and 25% are plotted to show the typical range of volume expansion for AB5 metal 
hydrides. For a 25 µm particle the diameter will change from 1.2 to 2 µm during hydriding, 
while a 5µm particle's diameter will only change 0.2 to 0.4µm. Such a reduction in 
dimensional change promotes improved mechanical stability. 
Biner [9] used finite element modeling to observe the stress states in spherical and 
disk shaped hydrogen absorption powders. He concluded that large tensile stresses (20-
30% of elastic modulus) were present for crack free, spherical particles and the inclusion 
of an interior or external crack significantly increased the tensile stress state about that 
crack. Similar modeling of a disk-shaped particle showed a reduction in the stresses 
throughout the particle, therefore, better fracture resistance [9]. However, successfully 
producing these disk-shaped particles is more difficult than spherical powders. Also, the 
increase in surface area-to-volume ratio will mean a greater corrosion rate if placed in an 
electrochemical environment. 
The results concerning particle cracking obtained in this study did not agree with 
those observed by Ting [ 51] and reported in his thesis. For similarly gas atomized 
LaNi4_75Sn0_25 powders, the division between cracked and not cracked particles after five 
hydrogen absorption/desorption cycles was around 20µm, while the results from this study 
showed it to be around 7 µm. The discrepancy was believed to be caused by one or both of 
two variables. The powder Ting used to study the cracking phenomenon was heat treated 
for four hours at 950°C, whereas the powder shown in Figure 4.9 was heat treated at 900°C 
for only 15 minutes. Another difference is the atomization gas used. Ting's powder was 
atomized with helium, while the powder primarily used in this study was argon atomized. 
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The differences in the solidification rate of the particles with these two gases [2] could 
cause a difference in the hydriding properties of the material. 
The increased heat treatment time did not showed a slight change in the division 
between stable and cracked particles as seen when comparing Figures 4.9 and 4.10 
However, the atomization gas used did contribute to a sizable difference in the fracture 
stability of the powders. Helium atomized LaNi4.75Sn0_25 powder showed fracture 
resistance in particles up to 15-20µm in diameter, as opposed to 7-8µm for the argon 
atomized powder (see Figures 4.9 and 4.11 ). Due to the increased solidification rate 
associated with helium atomization, a reduction in solidification features, such as dendrite 
spacing and solute segregation spacing, would be expected [2]. According to the Hall-
Petch relationship [19,53], a reduction in such microstructural features would improve the 
mechanical properties of the materials, due to the reciprocal nature of these properties. 
Oxidation and corrosion of the AB5 compounds during electrochemical cycling is 
the primary contributor to the reduction in capacity. There is a relationship between the 
oxidation/ corrosion reaction rate and the decrepitation rate of the metal hydride powders. 
As the surface area increases due to particle fracturing, the capacity decreases. This is 
quite unfortunate since an increase in area generally is accompanied by an increase in 
hydride/dehydride reaction kinetics. An increase in the kinetics would allow for more 
rapid charging and discharging of the battery. However, since freshly fractured surfaces 
will react with the electrolyte to form hydroxides and oxides, a reduction in capacity 
occurs as well. Therefore, a balance between hydride reaction kinetics and material 
stability must be achieved. 
Since the finest gas atomized particles showed superior cracking resistance during 
electrochemical cycling in sample UFO 1 (See Figure 4.17), a sample of <5 µm diameter 
powder was cycled to see if stability could be improved. However, this was not observed. 
A considerably lower capacity was observed and a higher rate of degradation was detected 
for these particles due to the lack of particle cracking observed in electrode cross-sections 
(see Figure 4.20). Naito et al. [37], Geng et al. [21] , and Ise et al. [25] all investigated the 
effect of particle size on the performance of a metal hydride electrode. A general 
consensus of the three researchers is that the finest particles do not perform the best. Ise 
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and Geng concluded the poorer performance was associated with poorer conductivity 
between particles. Naito concluded that the reduction in performance is attributed to a 
decrease in capacity as particle size is reduced. There is some logic to these conclusions, 
but where that division occurs can be dependent upon a number of factors such as: powder 
processing technique, the composition, and cycling parameters. 
5.2 Effect of Gas Atomization 
Gas atomization of the AB5 material is an alternative processing method which 
could simplify and improve the production and performance of metal hydride powders. 
Since the most desirable form of the metal hydride for battery applications is a powder, gas 
atomization seemed a logical choice to investigate. By looking at such factors as initial 
particle size, powder fabrication technique, and to a small extent, the composition of the 
alloy, the results presented in this thesis demonstrate that gas atomization can be viewed as 
an improved powder processing method over the conventional casting and grinding 
method. This is contrary to what was previously reported by Bowman et al. [11]. 
Using gas atomization as a metal hydride powder processing technique eliminates 
or reduces the time required for certain processing steps. Conventional grinding and 
hydrogen attriting steps can be eliminated since gas atomization can produce powder 
directly from a molten alloy of the desired AB5 composition. Eliminating these steps saves 
time, promotes safety, and avoids possible contamination issues. Also, as Anderson et al. 
[4,12] and Ting [51] have demonstrated, gas atomization can exploit the benefits of rapid 
solidification. Thus, the time required to homogenize the fine scale solidification 
segregation of gas atomized powders using a heat treatment is significantly reduced. A 
typical cast ingot would require days at an elevated temperature to ensure homogenization, 
while a maximum of one hour was needed to heat treat the powder, an extraordinary time 
and energy savings. 
These sort of process improvements are not significant if the properties of the 
material are lost or degraded. As shown in Figure 4.13, a slight decrease in total hydrogen 
storage capacity is observed in gas-phase cycling experiments, but there is no change in 
the equilibrium pressure plateau. From such analysis, there is little difference in the two 
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materials. A difference is quite apparent when electrochemical cycling is used as the 
measuring stick. After just twenty electrochemical cycles of identical charge and 
discharge conditions, the gas atomized powder outperformed the cast and crushed 
particulate of the same composition, as shown in Figure 4.24. However, if a more suitable 
alloy for battery applications, like the MmNi3_55Co0_75Mn0.4Al0_3 alloy, is used, the 
performance of a cast and crushed material improves. Therefore, if such a commercial 
multicomponent alloy is processed by gas atomization, like the LaNi4_75Sn0_25 alloy used in 
this study, it might be expected that the stability would be further enhanced. 
Initial particle size used for the electrode makes a difference in the stability of the 
electrode, as well. Generally, the smaller size ranges were more stable than the larger size 
fractions as shown in Figure 4.14. Therefore, it is beneficial that the HPGA technique 
produces a large fraction of fine powders ( <25 µm diameter) as shown in the size 
distribution plots (Figure 5.2) for two atomization runs of LaNi4.75Sn0_25 using argon and 
helium as the atomization gases. Specifically, helium atomization appears considerably 
more effective at forming finer powers than argon. Therefore, a greater yield of the melt 
would be useable for high performance battery electrodes. Also, helium atomized powder 
showed improved fracture resistance when hydrogen cycled, which contributed to an 
improved electrochemical performance over argon atomized LaNi4 _75Sn0_25 (See Figure 
4.17). One can see when Figures 4.15b and 4.18 are compared that a larger percentage of 
the helium atomized powder did not fracture after 20 electrochemical cycles. Two theories 
are relevant in explaining this behavior. First, the helium atomized powder has a larger 
yield of fine particles, as shown in the size distributions of Figure 5 .2. According to Ting 
[ 51], the stress at a powder surface is reduced when the diameter is reduced. The second 
theory is that helium atomization induces finer microstructural features due to greater 
undercooling during rapid solidification, as explained in the previous section. The effect 
of helium atomization probably plays a dual role in improving the electrode stability. Its 
use has shown an increased yield of powder sizes which do not crack and a reduced extent 
of fracturing in the larger particles which do form cracks. Therefore, it would be of 
interest to investigate this effect on other hydrogen absorption alloys. 
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5.3 Effect of Surface Fluorination Process 
The purpose of developing a LaF 3 surface layer on the LaNi4.75Sn0_25 powders was 
to retard the corrosion/oxidation reactions which occur from exposure to the electrolyte 
during electrochemical cycling. The use ofNF3 gas as the fluorinating agent in a fluidized 
bed was able to produce thin coatings of LaF 3 on the particle surfaces as shown by the 
backscattered images in Figure 4.3. The presence of a fluoride coating was confirmed 
using XPS and AES which showed the increase in the fluorine intensities for the 
fluorinated powders when compared to the unfluorinated samples. However, oxygen 
peaks are still present for the fluorinated powders. This suggests that some oxide remains 
on the surface, not reduced by the fluorine reaction. However, from the XRD scan of 
MLA-NF3-0l (Figure 4.2), the presence of LaF3 peaks, although small, show that it is the 
dominant surface structure of fluorinated powder, since oxide peaks were not present. 
Using the powder cross-sections of the fluorinated powders in Figure 4.3, a coating 
thickness was estimated to be 100-200nm, an order of magnitude thinner than those 
reported by Suda using the aqueous fluorination technique [34]. It was desired to form 
coatings on the order of 100nm because volumetric hydrogen capacity loss would be less 
in fine powders with a thinner coating. Also, the coating was expected to be more pliable 
and resistant to the volume expansion and contraction during cycling. However, sufficient 
coating fracture resistance was not observed, as shown in the polished electrode cross-
sections in Figures 4.20 and 4.22b. During electrochemical cycling, the thin fluoride films 
could not accommodate the extreme strains at the particle surfaces, appearing to fracture in 
both the radial and tangential directions, essentially spalling off the particle surfaces. Such 
behavior would be expected to eliminate any protective function that the fluoride film was 
intended to provide. 
An interesting paradox is that Suda shows improved stability when a fluoride layer 
of l-2µm in thickness is added to the particle surfaces of similar alloy compositions using 
the aqueous fluorination technique described in Section 2.4.2 [34]. It would be expected 
that a thicker coating, replete with microcracks, would be even less resistant to fracturing 
than the thinner coating. Therefore, what else would be contributing to the stability of the 
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electrode? According to Suda, a nickel-rich sublayer forms beneath the fluoride layer 
during the fluoride formation process due to diffusion of lanthanum towards the surface 
and nickel away from it [34]. It may actually be this nickel layer which protects the alloy 
beneath and not the fluoride. Work done by Chen and Zhang [ 15] would support this 
theory since they showed improved cyclic stability due to the placement of a nickel layer 
on similar metal hydride powders to those used by Suda and this study. This may be a 
reason why the <5µm MLA-NF3-12 sample showed improved electrochemical 
performance over a similar size range of an unfluorinated sample, even though the thin 
fluoride coating probably fractured away from the surface. Possibly, a nickel-rich layer 
underneath slowed the progress of any further corrosive reactions. 
An interesting observation when performing the hydrogen absorption experiments 
of the fluorinated powders was that the absorption and desorption of the hydrogen was 
more rapid than it was for the non-fluorinated powders. This was also observed by Liu et 
al. [31] for the aqueous fluoride treated particulate. They showed that the activation 
characteristics of the F-treated powders were relatively unaffected by storage conditions, 
while the untreated powders were adversely affected. Such improved hydrogen absorption 
kinetics could possibly benefit hydrogen gas storage applications to reduce the times 
required for hydrogen charging and discharging of the material. 
5.4 Recommendations for Future Investigation 
There are several directions an investigation can be taken using the results obtained 
from this research. The effects of the gas atomization process should be examined further 
and conducted for other AB5 hydrogen absorption alloys, especially multicomponent 
misch-metal alloys. LaNi4_75 Sn0_25 would not be a commercially desirable alloy to use 
because of the expense of lanthanum and the poorer stability problems associated with the 
alloy compared to the alloys conventionally used today. Prior to the beginning of this 
project, a MmNi3_5Co0_8Al0.4Mn0_3 alloy was high pressure gas atomized using argon as the 
atomization gas at Ames Laboratory. Results of the atomization were published by 
Bowman et al. [ 11] and showed that the Mm-alloy powder had better fracture resistance 
after gaseous hydrogen cycling than the LaNi5 gas atomized powder sample. However, the 
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electrochemical cycling performance of the Mm-alloy was considerably worse than a 
similar cast alloy. A similar behavior was also reported for a gas atomized LaNi4.75Sn0_25 
alloy. Our current results indicate that the main reason for the poorer behavior of the gas 
atomized powders probably was the omission of an annealing step. From the research 
conducted for this thesis, the annealing of the gas atomized powders improves their 
discharge capacities to levels better than a similar cast material. The use of helium as an 
atomization gas should also be considered. Significant improvement of electrochemical 
cycling stability was observed for the helium atomized LaNi4.75Sn0_25 when compared to 
argon atomized powder of the same composition. Therefore, the use of helium as the 
atomization gas and annealing the misch-metal multicomponent alloy powder would be 
expected to yield similar results. 
Another avenue where future research could be focused would be to further 
investigate the use of protective coatings on the gas atomized powders. The focus could 
continue on investigating gaseous fluorination techniques to produce the rare-earth 
fluoride on the powder surfaces. However, as shown by the images in Figures 4.20 and 
4.22b, even a thin fluoride coating cannot tolerate the volume expansion and contraction 
that occurs during hydriding and dehydriding, respectively. Therefore, it may be prudent 
to investigate other coating techniques, such as nickel or copper coating, perhaps applied 
by an alternative technique to the electroless methods used by several other researchers 
[20,23,28,39,44]. 
Another problem which is associated with these brittle intermetallic particles is 
how to make them into a robust electrode that can withstand the mechanical strains 
induced by the volumetric expansion and contraction during operation. The current 
method uses simple pressing and rolling techniques with binding materials to produce an 
electrode. The electrodes are fairly fragile and, when placed into a battery casing, the 
electrodes and separators must be pressed tightly together to prevent metal hydride powder 
loss during cycling. Therefore, an investigation of novel electrode fabrication techniques 
would be worthwhile research to improve the performance and manufacturing of an 
electrode, especially for the fabrication of considerably larger, prismatic cells. 
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6. CONCLUSIONS 
This thesis has discussed topics concerning the processing of metal hydride 
materials for use as anodes in nickel-metal hydride batteries. The use of gas atomization 
as a powder production method showed considerable improvement in electrochemical 
stability when compared to cast and crushed powder of the same alloy. Also, a novel 
method for producing a protective fluoride film on the particle surfaces was investigated 
and showed signs of success as a corrosion resistant barrier. One or both of these 
processing modifications has potential to improve the cyclic lifetime of the metal hydride 
electrode. 
Electrochemical cycling of the LaNi4.75Sn0_25 gas atomized powders showed a 
significant increase in cyclic stability when compared to an electrode comprised of 
powders produced by casting and crushing an ingot. The primary reason for the 
improvement concerns the particle decrepitation which occurs during cycling. Gas 
atomized powders tended to have a larger and more equiaxed particle structure after 
electrochemical cycling than the cast and crushed powders. In contrast, the cast and 
crushed powders appeared to create a larger amount of fresh surface area where oxidation 
reactions can occur, eliminating hydrogen storage volume and capacity. 
A difference in particle cracking behavior was discovered between two alloy 
batches of the same nominal composition, but atomized with different gases: argon and 
helium. For both powder batches there is a division that is observed between particles 
which crack and those which do not crack after several hydride/dehydride cycles in 
gaseous hydrogen. For the argon atomized powder the division was estimated at 7-8µm, 
while the division for the helium atomized powder was considered to be in the range of l 5-
20µm. This difference allowed more stable electrochemical performance of the helium 
atomized powder, since less particle decrepitation occurred and there was a larger fraction 
of non-fractured particles. 
The fluoride coating technique demonstrated some improvement in the cycling 
stability of the LaNi4.75Sn0_25 argon atomized powders when only the finest particles were 
used. An increase in the cyclic stability for these powders is attributed to the elimination 
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of particle cracking. If a fluorinated particle cracks, surfaces not treated with the fluoride 
gas are exposed to the electrolyte, and oxidation can occur. However, SEM analysis of 
electrode cross-sections revealed that the fluoride layer fractures and spalls due to the 
expansion and contraction of the particles during charging and discharging of the 
electrode. This should limit the ability of the surface layer to protect against oxidation and 
corrosion. However, a theory was developed which addressed an explanation for some 
limited success of a fluoride layer placed on such particle surfaces. A nickel-rich region 
beneath the fluoride layer acts as an oxidation barrier. If a similar nickel enriched sublayer 
can be demonstrated for the gas atomized powders used in this study, the reduced 
degradation observed for the extremely fine fluorinated powders may also be attributed to 
this nickel enrichment. 
Observations were also made for a misch-metal multicomponent alloy of a 
composition similar to those used in commercially available Ni-MH batteries. The alloy 
was processed by the cast and crushed technique and showed very stable electrochemical 
cycling behavior, even though there was significant particle cracking. Therefore, if gas 
atomization would be used to produce powder of this alloy, it could be expected that even 
some of the initial degradation associated with particle decrepitation could be eliminated. 
As long as the properties of a gas atomized powder are as good as or better than a cast and 
crushed powder of the same composition, improvement could be expected. The 
processing of the atomized powder is simpler, faster, and can be more cost effective due to 
the elimination of time consuming batch processes, like hydrogen attriting and multi-day 
heat treatments. 
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